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RE MARKS / ARGUMENTS 

Reconsideration of the above-identified application is respectfully requested. 

Election of Species 

Initially, it is noted that the election of species has been withdrawn and a new one given, 

to wit: 

(A) a telomere damage-inducing agent that is (A1) paclitaxel or a derivative thereof: 
(A2) platinum-based agents, such as cisplatin or carboplatin; or (A3) an agent 
other than (A1)or (A2); 

(B) a telomerase inhibitory agent "that is (Bi ) a nucleoside or nucleotide analog, such 
as, AZT or d4T; (B2) an antisense nucleic acid; or (B3) an agent that is neither 
(B1)or(B2), 

wherein each patentably distinct species has a distinct telomere damage-inducing agent 
(A2, A2, or A3) and a distinct telomerase inhibitory agent (B1 , B2, or B3). 
Applicants hereby confirm their provisional election to prosecute telomere damage-inducing 
agent (A1) and telomerase inhibitory agent (B1), with traverse. These claims include: 1-24, 26- 
28, 33-35, 40-47, and newly added 90-92. 

Summary of the Invention 

The present invention is based on the discovery that paclitaxel treatment of a cancer 
causes telomere damage, thereby inducing telomerase activity and leading to resistance to 
paclitaxel treatment. Applicants also discovered that other cytotoxic agents, such as cisplatin, 
radiation, hyperthermia, and serum starvation, induce telomerase activity. Applicants further 
discovered that combining paclitaxel with a telomerase inhibitory agent, such as 3'-azido- 
deoxythymidine (AZT) or 2\3 , -didehydro-3'deoxythymidine (d4T), results in synergy. These 
discoveries have led to the present invention for using combinations of an agent, such as 
paclitaxel, that causes telomere damage and an agent that inhibits telomerase, such as AZT, d4T, 
or antisense to the RNA component of human telomerase. Applicants further discovered that the 
AZT doses used to enhance the antitumor activity of paclitaxel are about 20-fold lower 
compared to the AZT doses used in the prior art. Similarly, the AZT concentrations needed to 
enhance the paclitaxel activity are at least several folds lower than the AZT concentrations 
needed to produce 50% inhibition of telomerase activity as shown in the prior art. Applicants 
further defined the AZT and d4T concentrations and the AZT doses that produce the greatest 
synergy with paclitaxel, whereas the prior art does not provide such enabling steps. 
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Claim Rejections 

Claims 24, 26, 27, 45-47 have been amended to correct the typographical errors in the 
word "nucleotide" to the word "nucleoside", and to correct the typographical error of "dT4" to 
"d4T\ No new matter is added by virtue of these claim amendments. Moreover, such claim 
amendments are ministerial in nature as they relate to inadvertent errors that are typographical in 
nature. Accordingly, Applicants assert that no claims have been narrowed with the meaning of 
Festo (Festo Corp. v. Shoketsu Kinzoku Kogyo Kabushiki Co., 535 US 722, 112 S.Ct. 1831, 152 
L.Ed. 2d 944, 62 USPQ2d 1705 (2002)). See also Interactive Pictures Corp. v. Infinite Pictures 
Inc., Fed Cir., No. 01-1029, December 20, 2001 (addition of the words "transform calculation" 
■was-not-a narrowing-arnendment because-that addition did nothing .more than make express 
what had been implicit in the claim as originally worded). 

The remaining claim amendments will be discussed in connection with the rejections of 
the claims discussed below. 

Claims 1-24, 26-28, 33-35, and 40-47 stand rejected to under 35 U.S.C. § 112, first 
paragraph, because the specification, while being enabling for the reduction of telomere length 
and treatment of cancer related to human breast MCF-7 cells, pharynx FaDu cells, prostate PC3 
cells, and ovarian SKOV3 cells, does not provide enablement for inhibiting or reducing the 
growth of all types of cells or for treating all types of cancer. The Examiner cites the reasons 
being that undue experimentation is required and the unpredictability in the art. Initially, 
Applicants would remind the Examiner that working examples in the above-identified application 
include four tumor models, representing major types of human cancer, including FaDu, which is a 
head and neck cancer; PC3, which is a prostate cancer; SKOV-3, which is an ovarian cancer; 
and MCF-7, which is a breast cancer. Together, these cancer types account for about 50% of 
all adult human cancers. Furthermore, telomerase is expressed in 85-90% of human cancer 
cells, but not in normal somatic cells and telomerase is required for telomere maintenance, 
according to published information (see Declaration of Dr. Jessie L.-S. Au, Ph.D.). Based on this 
data and published information, it is Dr. Au's expert opinion that the invention is likely to also work 
with other cell types (e.g., cancers) based on her and her co-worker's work to date. This data 
and expert opinion counter this claim rejection. Thus, its withdrawal respectfully is requested. 

Claims 1-24, 28, 33-35, and 40-45 stand objected to under 35 U.S.C. § 112, first 
paragraph, because the specification, while being enabling for the reduction of telomere length 
and treatment of cancer related to human breast MCF-7 cells, pharynx FaDu cells, prostate PC3 
cells, and ovarian SKOV3 cells, using a combination of paclitaxel and AZT or d4T, does not 
provide enablement for inhibiting or reducing the growth of all types of cells or for treating all 
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types of cancer, nor provide enablement for inhibiting or reducing the growth of a cell or for 
treating cancer using a combination of paclitaxel and a nucleoside or nucleotide analogue other 
than AZT or d4T. The Examiner states that not all nucleoside or nucleotide analogues are 
polymerase inhibitors. With respect to cell types treatable according to the precepts of the 
present invention, reference is made to the attached declaration of Dr. Au and the comments in 
the preceding paragraph. With respect to a nucleotide analog, reference is made to the 
application, wherein it is stated, inter alia: 

The term "nucleotide analog, or derivative thereof refers to those art recognized 
modified nucleic acid bases that, typically, resemble a natural building block of 
DNA or RNA polymerization but have been modified to have an additional property 
such as, e.g., the ability to inhibit a reverse transcriptase, e.g., retroviral reverse 
transcriptases and-telGmerases. 

Application at page 1 1, II. 32-36. 

This definition certainly militates against the term being indefinite. Additional definitions of other 
analogs or derivatives and many other terms used in the application and claims are set forth in 
the definition section of the application at pp. 9-13. The data, Dr. Au's expert opinion, and the 
definitions in the application counter this claim rejection. Thus, its withdrawal respectfully is 
requested. 

Claims 41 and 43 are rejected under 35 § U.S.C. 112, first paragraph, as not being 
enabling for identifying patients about to have cancer. The Examiner's attention respectfully is 
directed to the application, wherein it is stated, inter alia, that this term 

...refers to a patient having been determined to have, or to be statistically likely to 
have, a cancer using various art recognized diagnostic or prognostic techniques 
including, e.g., the PSA test, BRCA1 and/or BRCA2 genotyping, genetic profiling, 
etc. The term is also intended to include the mere knowing or receipt of any 
information (e.g., a prognosis, diagnosis) indicating that the patient is having or 
about to have a cancer. 

Application at page 11, II. 5-10 

Thus, a definition of this term is set forth in the application. Indeed, the disputed term refers to 
patients that statistically are in a high-risk group to have cancer. Thus, it is not seen how this 
term is indefinite. Nevertheless, in order to materially advance prosecution of this application, the 
offending language has been removed from claims 41 and 43. 

Claims 1-24, 26-28, 33-35, and 40-47 stand rejected under 35 U.S.C. § 112, second 
paragraph, as being indefinite for failing to particularly point out and distinctly claim the subject 
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matter which applicant regards as the invention due to the inclusion of the term, "telomere 
damage inducing agent". Initially, this term is defined in the specification: 

The term "telomere damage-inducing" refers to any measurable change to the end 
of a telomere when e.g., compared to a control cell, chromosome, or nucleic acid 
and includes chromosomal fragmentation, telomere shortening, and the presence 
of DNA free ends. 

Application at page 12, II. 23-26. 

The term "telomere damage inducing agent" is enabled for an agent that causes damaged or 
shortened telomeres at a rapid onset, as described in Example 3; or prior to the initiation of 
apoptosis cascade, as described in Example 4. The term "telomere damage inducing agent" also 
refers to an agent that causes telomere damage, followed by a transient increase in telomerase 
activity, as described in Example 5. This term differs from "telomerase inhibitory agents", which 
are defined in the application as: 

The term "telomerase inhibitory agent" refers to an agent that inhibits (completely 
or partially) the activity of the enzyme telomerase. 

Application at page 12, II. 27-29. 

Thus, the term is not indefinite, as it has been defined in the application, and the term is different 
from "telomerase inhibitory agent", which similarly has been defined in the application. 
Nevertheless, in order to materially advance prosecution, the definitions in the Examples have 
been incorporated into claims 1 and 2. Again, no new matter is added by virtue of these claim 
amendments. Importantly, Applicants assert that no claims have been narrowed with the 
meaning of Festo (Festo Corp. v. Shoketsu Kinzoku Kogyo Kabushiki Co., 535 US 722, 112 
S.Ct. 1831, 152 LEd.2d 944, 62 USPQ2d 1705 (2002)). See also Interactive Pictures Corp. v. 
Infinite Pictures Inc., Fed Cir., No. 01-1029, December 20, 2001 (addition of the words 
"transform calculation" was not a narrowing amendment because that addition did nothing more 
than make express what had been implicit in the claim as originally worded). 

102 (b) Claim Rejections Based on Gill 

Claims 1-4, 8-10, 12-14, 16, 18, 20, 22-24, 26, 40, 42, and 44-46 stand rejected under 35 
§ U.S.C. 102(b) as being anticipated by Gill (U.S. Patent No. 5,756,537). Gill teaches that 
paclitaxel can be administered concurrently with AZT for the treatment of Kaposi's Sarcoma in 
patients with acquired immunodeficiency syndrome (AIDS). 
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This prior art in fact teaches that paclitaxel can be used to treat Kaposi's Sarcoma in 
AIDS patients who routinely received AZT and other reverse transcriptase inhibitors to manage 
the AIDS, but does not teach that adding AZT, d4T, or other reverse transcriptase inhibitors, 
through inhibition of telomerase, enhances the antitumor activity of paclitaxel. Hence, in the 
absence of the present invention, there is no motivation to use AZT, d4T or other reverse 
transcriptase inhibitors to enhance the telomere-directed effect of paclitaxel. Furthermore, the 
present invention enables the identification of an AZT treatment schedule to enhance the 
efficacy of paclitaxel, which cannot be found in the prior art, as the prior art does not provide 
guidance to finding such a treatment schedule. For example, the doses of AZT required for 
treatment of AIDS are higher compared to the AZT doses required to enhance the paclitaxel 
effect, as follows. The AZT doses used in AIDS patients are 100 mg every 4 hours given orally 
or 1 mg/kg given intravenously every 4 hours, given daily (PDR electronic library. Online version. 
Under Retrovir®). The present invention teaches that the synergy between paclitaxel and AZT is 
greatest when the dose ratio of AZT:paclitaxel is equal or less than 40:60 (see Example 8). 
Example 9 further shows that the intravenous AZT dose required to enhance the survival 
advantage of paclitaxel in tumor-bearing mice is 200 ng/hr/day. As the average weight of a 
mouse is about 20 g, this translates to 0.24 mg/kg/day. This dose is about 20-fold lower 
compared to the intravenous AZT dose of 5-6 mg/kg/day used to treat AIDS (PDR electronic 
library. Online version. Under Retrovir®). Claim 26 has been amended, and claims 91 and 92 
have been added, to reflect the AZT doses and the ratios of AZT:paclitaxel concentrations 
discovered by the present invention. 

§ 103(a) Rejection Based on Vande Woude in view of Merck Index 

Claims 1-24, 26-28, 40, 42, and 44-47 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over the Vande Woude (U.S. Patent No. 6,150,398), in view of The Merck Index, 
1996, 7117,8958 and 1052. Vande Woude teaches that paclitaxel or a paclitaxel derivative can 
be used with an agent that effects the G1 or S phase of the cell division cycle. The Merck Index 
teaches that AZT and d4T are polymerase inhibitors, and that AZT has antiviral, antimetabolite, 
and antineoplastic activity. The Examiner proposes that polymerase inhibitors are often inhibitors 
of the G1 or S phase of cell division and, thereby, considers that the present invention is obvious 
based on combination of the prior art. However, Vande Woude did not define the AZT 
concentrations and doses that would affect the G1 or S phase of the cell division cycle. 
Chandrasekaren etal. showed that 50 to 200 micromolar AZT blocks cells in the G1/S phase 
(Cancer Chemother Pharmacol 35:489-495, 1995). The AZT dose required to produce 40 
micromolar plasma concentration is 10 g/m2/day (Marchbanks etal., Pharmacotherapy, 15:451- 
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457, 1995; Figure 1). Using a commonly accepted conversion factor of 37 kg/m2, the 10 
g/m2/day dose equals about 270 mg/kg/day, which is about 1,000-fold higher than the 0.24 
mg/kg/day AZT dose needed to produce synergy with paclitaxel. Furthermore, AZT is not 
known to have antiviral, antimetabolite, and antineoplastic activity at the low doses that enhance 
the antitumor activity of paclitaxel, as demonstrated in Example 9 in the present application (see 
the paragraph immediately below for detailed discussion). Hence, in the absence of the present 
invention, there is no motivation of combining paclitaxel and low dose AZT for the treatment of 
cancer or to use such low AZT doses. 

The present invention on using d4T to enhance the efficacy of paclitaxel differs from the 
prior art in two respects. First, d4T does not always affect cells in the G1 or S phase. Li et al. 
shows -that-d4T,arr,estsJ/ViDr cells in the S p hase but has no effect on MCF7 cells (Li ef a/., 
Anticancer Res 17:21-28, 1997). This unpredictability in the art makes it unobvious to use d4T in 
combination with paclitaxel. Second, the present invention demonstrates that at least 20 
micromolar d4T is needed to enhance the activity of paclitaxel, in view of Vande Woude. In 
comparison, the d4T concentration required to cause arrest of WiDr cells in the G1/S phase of 
the cell cycle is 10 micromolar (Li et al.). Accordingly, the present invention indicates the use of 
a 2-fold higher d4T concentration that the concentration that is needed to cause G1/S phase 
arrest. This d4T concentration requirement could not have been anticipated or made obvious by 
the Vande Woude publication. Claim 27 has been amended, and 90 has been added, to reflect 
the d4T concentration. 

§ 103(a) Rejection Based on Melana in view of Merck Index 

Claims 1-24, 26, 28, 40, 42, and 44-46 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over the by Melana article, in view of the Merck Index. Melana teaches that AZT is 
effective in inhibiting the growth of four breast cancer cell lines and T4 cell leukemia, that AZT 
inhibits telomerase activity, and that AZT can be used, alone or in combination, as an anti-breast 
cancer agent. The Merck Index teaches that paclitaxel is a known antineoplastic for the 
treatment of breast of ovarian cancer. 

The present invention is distinct from these earlier publications in several aspects. First, 
Melana teaches that AZT has antitumor activity at high concentrations; the 50% inhibitory 
concentrations of AZT were between 250 and 1 ,750 micromolar for the eight cell lines tested. In 
contrast, the present invention teaches using AZT to enhance the activity of paclitaxel, an effect 
that does not require AZT to have cytotoxic activity. Second, Melana teaches that inhibition of 
telomerase requires very high levels of AZT of between 500 to 2,000 micromolar AZT. In 
contrast, the present invention teaches using AZT at concentrations equal to or below 100 
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micromolar (see Example 8). Accordingly, Melana and the Merck Index do not teach using AZT 
together with paclitaxel, wherein the AZT concentration is equal to or below 100 micromolar. 
Third, although Melana suggests that AZT can be potentially used, alone or in combination, as an 
anti-breast cancer agent, the method of combining AZT with other drugs has not been explicitly 
disclosed. Several publications have described using AZT as antitumor agent, alone or in 
combination with other antitumor drugs (Marchbanks ef a/., Pharmacotherapy, 15:451-457, 1995; 
Beitzetal., Cancer Investigation, 13:464-469, 1995; Posner et al, Cancer, 70:2929-2934, 1992; 
Posner et a/, J. Natl. Cancer Inst., 82:1710-1714, 1990). All these earlier studies used high 
doses of AZT, i.e., between 2 to 20 g/m 2 /day, and recommended a final dose of 7.5 g/m 2 /day. 
Using the commonly accepted conversion factor of 37 kg/m 2 , the 7.5 g/m 2 /day dose is 
approximately 171 mg/kg/day. This AZT dose is a bout 680-fold hi gher than the 0.25 mg/kg/day 
AZT dose that enhances the efficacy of paclitaxel (see Example 9). 

Fourth, Melana does not teach that the antitumor activity of AZT is due to telomerase 
inhibition. Melana states "the effect of AZT on other enzymes, such as DNA polymerase gamma 
and thymidine kinase, which are present in all cell types, cannot be ruled out" (p. 695, right 
column). Finally, telomerase is not considered a viable therapeutic target for cancer treatment 
(Huminiecki, L Acta Biochimica Polonica, 43:531-538, 1996; Neidle and Kelland, Anti-cancer 
Drug Design, 14:341-347, 1999). Huminiecki states that "telomerase has not been usually 
considered to be a therapeutic target" (p.533, right column). Huminiecki further states "One can 
argue than even if such a (telomerase-targeting) therapy worked, its action would be very slow, 
and patients would probably die before telomeres of their malignant cells would shorten to a 
critical length" (p.534, left column). Neidle and Kelland state that "the emerging cellular biological 
properties of telomeres and telomerase as outlined above have caused some to question their 
validity as an anticancer target" (p. 342, first column). Hence, the use of telomerase inhibitor as 
described in the present invention is not obvioius based on the prior art. Further, the present 
invention, where AZT is used at doses of less than 170 mg/kg/day, cannot be obvious from the 
teaching of Melana, in view of the Merck Index. Claim 26 has been amended, and claims 91-92 
have been added, to indicate the AZT dose or AZT concentrations identified by the present 
invention. 

§ 103(a) Rejection Based on Melana in view of Merck Index and Pai 

Claims 1-24, 26-28, 40, 42, and 44-47 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Melana in view of the Merck Index and Pai. Pai teaches that d4TTP inhibits 
telomerase in cell free extracts; 18% inhibition was achieved at 30 micromolar d4TTP. d4TTP is 
an intracellular metabolite of d4T. The prior art shows that incubation of human cells with 10 
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micromolar d4T yielded only 0.3 pmole of d4TTP per one million cells, indicating that only a very 
small percentage of d4T present in the extracellular fluid is converted to d4TTP its triphosphate 
metabolite (Zhu et a/., Mol Pharmacol, 40:838-845, 1991). There is no prior art to indicate the 
amount of intracellular d4TTP attained at 20-40 micromolar d4T in the extracellular matrix. A linear 
extrapolation based on the teaching of Zhu et al. and using the assumption that one million cells 
is approximately 1 microliter in volume, at least 1,000 micromolar extracellular d4T is required to 
yield 30 micromolar intracellular d4TTP. The 1,000 micromolar extracellular d4T concentration is 
at least 25-fold higher than the 20-40 micromolar extracellular d4T concentration used to improve 
the efficacy of paclitaxel, as is taught by the present invention. Accordingly, the present 
invention is not be rendered obvious by Melana, in view of Pai and the Merck Index. Claim 27 has 
been amended, and 90 has been added, to reflect the d4T concentration. 

§ 103(a) Rejection Based on Gill in view of Merck Index 

Claims 1-4, 7-28, 40, 42, and 44-47 stand rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Gill, in view of the Merck Index. Gill teaches that paclitaxel can be 
administered concurrently with AZT to treat Kaposi Sacroma in AIDS patients, and that paclitaxel 
can be used with other antiretroviral agents that are used to treat AIDS. The Merck Index 
teaches that d4T is a reverse transcriptase inhibitor. 

As discussed above, Gill does not teach using AZT to enhance the antitumor activity of 
paclitaxel and, therefore, does not teach how to find an AZT dose that can synergize with 
paclitaxel. In fact, Gill does not teach that any dose of AZT can synergize with paclitaxel. 
Hence, Gill does not render claims 1-4, 7-28, 33-35, and 40-47 unpatentable. The d4T doses 
used in AIDS patients are 60-80 mg per day (PDR electronic library. Online version. Under 
Zerit®). These doses would yield a maximum plasma concentration of about 4 micromolar (PDR 
electron library. Online version. Under Zerit®). The present invention teaches the synergy 
between paclitaxel and d4T where the d4T concentrations are at least 20 micromolar (see 
Example 8). This concentration is at least 5-fold higher compared to the concentration used to 
treat AIDS patients. Claims 26 and 27 have been amended, and claims 90-92 have been added, 
to reflect the distinguishing features of the present invention, regarding the AZT doses and 
concentrations, and the d4T concentrations. 
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Conclusion 

In view of the amendments and remarks submitted herewith, allowance of the claims 1- 
24, 26-28, 33-35, 40-50, and 90-92 and passage to issue of this application respectfully are 
requested. 
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Abstract The mechanism of synergy between 3'-azido- 
S'-deoxythymidine (AZT) and anticancer agents was 
investigated with emphasis on cell-cycle events. Expo- 
sure of exponentially growing WiDr human colon car- 
cinoma cells to AZT resulted in synchronization of cells 
in the S phase of the cell cycle. Following treatment 
with AZT at 50 or 200 uM, 62% ± 3% or 82% ± 4% 
of the cells were in the S phase as compared with 
36% + 2% in the control. Bromodeoxyuridine uptake 
studies revealed that the synchronized cells actively 
synthesized DNA. At concentrations of up to 200 \iM, 
AZT produced a cytostatic rather than cytotoxic effect 
as indicated by viability and cell growth measurements. 
At 200 uM, AZT-induced synchronization was signifi- 
cant [P = < 0.001) after 12 h of drug exposure, reached 
a maximum at 24 h, and reversed to baseline levels by 
72 h even in the continued presence of the drug. This 
indicates that AZT-induced cytostasis is a transient 
and reversible effect. The cell-cycle events seen with 
AZT in WiDr cells were also observed in eight of nine 
human tumor cell lines tested. Isobologram analysis of 
WiDr cells preexposed to AZT for 24 h and then ex- 
posed to either AZT-5-fluorouracil or AZT-methot- 
rexate for a further 72 h revealed synergy between AZT 
and the anticancer agents, indicating that AZT-induced 
synchronization may have therapeutic benefits. 

Key Words AZT • S-phase cytostasis • cytotoxicity • DNA 
histograms • 5-FU • MTX • flow cytometry 

" Abbreviations AZT • 3'-Azido-3'-deoxythymidine • 5-FU, 
5-fluorouracil'MTAT methotrexate -BrdUrd bromo- 
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Introduction 

3'-Azido-3'-deoxythymidine (AZT, Retrovir) is active 
against human immunodeficiency virus [10,16] and is 
clinically used in patients with severe acquired im- 
munodeficiency syndrome (AIDS)-related complex and 
AIDS [4,7,19]. AZT has been shown to act synergisti- 
cally with the anticancer agents 5-fluorouracil (5-FU) 
and methotrexate (MTX) against human tumor cells 
[2,3,24,25]. The mechanism of action was postulated to 
be inhibition of thymidine kinase, since AZT is phos- 
phorylated by this enzyme in cancer cells. As a result, 
AZT would be expected to block the synthesis of 
deoxythymidine triphosphate and should synergisti- 
cally interact with inhibitors of deoxypyrimidine bio- 
synthesis such as MTX and 5-FU, which are inhibitors 
of the thymidylate synthase cycle [24]. 

On the basis of studies in cisplatin-resistant cell lines, 
an additional role for AZT as an inhibitor of DNA 
repair and replication has also been postulated. Several 
studies led to the conclusion that cisplatin-resistant 
cells have an enhanced capacity to remove potentially 
lethal cisplatin-DNA adducts and resynthesize DNA in 
repair gaps [1,6,22]. The cisplatin-resistant cells 
overexpressed five enzymes (dihydrofolate reductase, 
thymidine kinase, thymidylate synthase, and DNA 
polymerases a and p) believed to be important for 
DNA replicative and repair synthesis [20]. These five 
enzymes are S-phase-specific enzymes and, moreover, 
DNA replicative and repair synthesis occurs in the 
S phase of the cell cycle. In earlier studies, inhibitors of 
DNA repair synthesis were shown to enhance the 
lethal effects of cisplatin [15,21]. The combination of 
AZT and cisplatin was 13 times more potent than an 
equivalent dose of cisplatin alone in cisplatin-resistant 
HCT-8 cells [20]. These observations led us to the 
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present investigation of changes in the cell-cycle events 
occurring in human tumor cells exposed to AZT. 

In this study, we investigated AZT-induced cell-cycle 
perturbation and its relationship to cell growth and 
viability in human tumor cells. On the basis of these 
findings, we present a correlation between AZT-in- 
duced cell-cycle perturbation and synergistic cytotoxic- 
ity of combinations of AZT and 5-FU or AZT and 
MTX. 



Materials and Methods 

Chemicals and drugs 

AZT and calcium leucovorin were supplied by Burroughs Wellcome 
Co. MTX and 5-FU were obtained from Sigma Chemical Co. 
Cell-culture medium was supplied by Gibco Laboratories, and fetal 
bovine serum was obtained from Hazelton Research Products, Inc. 
Ali "ofheTcfiemicals ^ arfd reagents used were of analytical grade. 



Cell culture 

Human colon-carcinoma cell lines (WiDr, SW480, and SW620), 
a human melanoma cell line (A-375), a human pancreatic carcinoma 
cell line (BxPC 3 ), and a human breast carcinoma cell line (MCF-7) 
were obtained from the American Type Culture Collection (Rock- 
ville, Md.) The human leukemia cell line CCRF-CEM was provided by 
Dr. J. Bertino, Sloan Kettering Memorial Cancer Center (New York, 
NY.). The human colon carcinoma GC 3 C t and its subline lacking 
thymidine kinase activity (GC 3 /TK _ ) were obtained from Dr.-J.- 
Houghton, St. Jude Hospital, (Memphis, Tenn.) [13]. The subline 
was selected with bromodeoxyuridine (Brdurd), was incapable grow- 
ing in HAT medium, and was deficient in the cytosolic form of 
thymidine kinase. The WiDr, SW480, MCF-7, GC 3 Cj, and 
GC 3 C,/TK" cells were cultured in folate-free RPMI 1640 medium 
supplemented with 10 nM calcium leucovorin and 10% charcoal- 
dialyzed fetal bovine serum. All the remaining cell lines were cul- 
tured in RPMI 1640 medium supplemented with 10% fetal bovine 
serum. The cells were grown at 37°C in a humidified atmosphere 
containing 5% C0 2 . 

Growth inhibition (IC J0 values) was determined using the MTT 
assay as described by Mossman [17]. Isobologram analysis was 
carried out as described previously [5]. 



DNA histogram and cell-cycle analysis 

Exponentially growing human tumor cells were exposed to various 
concentrations of AZT and were harvested at different times using 
trypsin-ethylenediaminetetracetic acid (EDTA); The cells were fixed 
in ice-cold 70% ethanol (1 ml) and stored at 4°C for a minimum of 
12 h but no longer than 1 week prior to further analysis. The cells 
were spun down at 1,000 g for 2 min and the supernatant was 
removed and discarded. The pellet containing cells (0.5-2-million) 
was stained for DNA with propidium iodide. In this procedure, the 
cell pellet was resuspended in 3.4-mM citrate buffer containing 
O.OlMNaCl 50 ug propidium iodide/ml, 0.6% NP-40, 37 ug 
RNAase/ml (75 Kunitz units/mg protein) at a pH of 7.6. Prior to 
analysis, the cells were passed through a 25-gauge needle and filtered 
through 40- um mesh to remove any clumps. The cells were analyzed 
on a FACS STAR flow cytometer (Becton Dickinson FACS 
Systems) with excitation at 488 nm; the DNA fluorescence 
per cell was measured on a linear scale using a 630/22-nm bandpass 



filter. The list-mode data were collected for at least 20,000 particles 
using the Consort 30 program, and the DNA histogram data were 
analyzed using the MODFIT program (Verity Software). The deter- 
mination of the distribution of cells in the Gi, S, and G 2 + M phases 
of the cell-cycle was based on a cell-size-gated population using 
defined markers for these parameters. There were at least duplicates 
for each analysis point, and the data given are mean values for the 
cell-cycle points. 



BrdUrd incorporation as determined by flow cytometry 

The cells exposed to AZT were further exposed to 8 uM BrdUrd for 
1 h at 37°C. The cells were spun at 1,000 g for 2 min and the 
supernatant was discarded. The cells were fixed with 70% ice-cold 
ethanol and stored at 4°C for a maximum of 1 week before further 
analysis. The pellet was washed with phosphate-buffered saline 
(PBS), treated with RNAse, acid-denatured, and treated with a fluor- 
escein conjugate of anti-BrdUrd (Becton Dickinson Immuno 
Cytometry Systems) as described in the kit procedure. The DNA was 
then stained with 20 \xg propidium iodide/ml; the dual labeled cells 
were pr ocessed o n a Becton Dickinson FACS STAR flow cytomete r 
using excitation at 488-nm and measurement of log fluorescein 
isothiocyanate (FITC) incorporation per cell with a 530/30-nm 
bandpass filter. Controls for background fluorescence were carried 
out by elimination of addition of the primary antibody. The DNA 
fluorescence per cell was measured as described above. The two- 
color analysis was performed using the Consort 30 program. 



Results 

The results illustrated in Tables 1 and 2 confirm the 
findings obtained in other laboratories indicating that 
AZT interacts synergistically with both MTX and 5- 
FU. Treatment of WiDr cells for 24 h with AZT fol- 
lowed by further treatment for 72 h with the combina- 
tion of AZT and MTX or AZT and 5-FU resulted in 
a synergistic inhibition of cell growth. AZT applied 
concurrently with or after the drugs exhibited additive 
effects. MTX and 5-FU are both cycle-specific anti- 
tumor drugs that are active in the S phase of the cell 
cycle. Moreover, although the IC 50 of AZT in WiDr 
cells is high (approximately 100 pM), this drug would 
also be expected to be active during the S phase. Thus, 
to determine whether the synergistic effects of AZT 
were related to changes in the cycling of the cells, we 
examined the effects of AZT on the cell cycle in WiDr 
cells. 

Figure 1 illustrates changes in the cell-cycle distribu- 
tion as determined by DNA staining with propidium 
iodide in WiDr cells treated with AZT at concentra- 
tions of 50 and 200 \iM. Treatment of the cells with 
AZT resulted in the accumulation of cells in the 
S phase. For the first. 24 h of treatment with either 
concentration of AZT, there was a progressive accumu- 
lation of cells in the S phase with a corresponding 
decrease in the proportion of cells in Gi. Over the 
ensuing 48 h, there was cell division with an exit of cells 
from G 2 + M and reentry into G v Treatment of WiDr 
cells with AZT resulted in a significant increase 
(P <0.001) in the percentage of cells in the S phase at 
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Table 1 Isobolograra analysis of WiDr cells exposed to AZT and 
5-FU 1 



Drugs (uM) 


Validity 




Observed 


Predicted 


AZT (100) 


50.0 


50 


AZT (90) + 5-FU (0.18) 


49.3 


50 


AZT (80) + 5-FU (0.36) 


38.8 


50 


AZT (70) + 5-FU (0.54) 


33.0 


50 


AZT (60) + 5-FU (0.72) 


34.8 


50 


AZT (50) + 5-FU (0.9) 


36.6 


50 


AZT (40) + 5-FU (1.08) 


35.2 


50 


AZT (30) + 5-FU (1.26) 


38.1 


50 


AZT (20) + 5-FU (1.44) 


38.8 


50 


AZT (10) + 5-FU (1.62) 


44.5 


50 


5-FU (1.8) 


50.0 


50 



8 A total of 2 x 10 3 cells were seeded in a 96-well microtiter plate, 
each well containing a volume of 150 ul AZT was added 2 h later 
and 5-FU was added 24 h after AZT; the final volume was 300 ul. 
Under the experimental conditions the IC 30 for 5-FU was 1.8 uM 
and that for AZT, 100 uM. The cells were incubated and processed, 
and viability was determined as described in Materials and methods. 
The results are mean values for a minimum of six data points 



Table 2 Isobologram analysis of WiDr cells exposed to AZT and 
MTX° 



Drugs (uAf) 


Validity 




Observed 


Predicted 


AZT (100) 


50.0 


50 


AZT (90) + MTX (0.0003) 


45.5 


50 


AZT (80) + MTX (0.0006) 


43.2 


50 


AZT (70) + MTX (0.0009) 


40.8 


50 


AZT (60) .+ MTX (0.0012) 


39.7 


50 


AZT (50) + MTX (0.0015) 


34.8 


50 


AZT (40) + MTX (0.0018) 


38.0 


50 


AZT (30) + MTX (0.0021) 


40.6 


50 


AZT (20) + MTX (0.0024) 


42.9 


50 


AZT (10) + MTX (0.0027) 


46.1 


50 


MTX (0.003) 


50.0 


50 



"Under the experimental conditions the IC 30 for MTX was 
0.003 uM and that for AZT, 100 uM. The cells were seeded and 
processed, and viability was determined as described in Table 2. 
AZT was added 24 h prior to MTX. The results are mean values for 
a minimum of six data points. 



12 h after drug exposure, which at 24 h reached a max- 
imum of 62% ± 3% and 82% ± 4% for AZT concen- 
trations of 50 and 200 |iM, respectively (Table 3). The 
percentage of cells in the S phase returned to baseline 
levels by 72 h, even in the continued presence of the 
drug. In controls, 36% + 2% of the cells accumulated 
in the S phase at 24 h. 

Consistent with the cell-cycle effects, WiDr cells ex- 
posed to 50 |j.M AZT exhibited an increased division 
time during the first 24 h followed by growth resump- 
tion comparable with control values during the next 
48 h. In the case of 200 \iM AZT, there was no growth 



(A) Control. 12h {B) Control 24h 




DNA Content/Cell 

Fig. 1A-N DNA histograms of propidium iodide-stained WiDr 
cells. A controls at 12 h. B controls at 24 h. C-H Cells treated with 
50 \iM AZT for 12-72 h and I-N cells treated with 200 uAf AZT 
for 12-72 h as described in Materials and methods. The peak visible 
at channel number 50 is G l and that visible at channel number 
90-95 is G 3 /M 
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Table 3 DNA historgrams of propidium iodide-stained WiDr cells 
exposed to AZT 1 



Drug 


/O V^Cllo 111 






Gi 


S 


G 2 + M 


Control, 12 h 


46 


36 


18 


AZT, 50 uAf, 12 h 


37 


55 


8 


AZT, 200 jiiW, 12 n 


J4 


01 


c 

J 


control, 24 h 


47 


36 


17 


AZT, 50 \iM, 24 h 


30 


62 


8 


AZT, 200 Uiw 


1 A 

14 


OZ 




Control 36 h 


40 


40 


20 


AZT, 50 uAf, 36 h 


26 


53 


21 


AZT, 200 ^M, 36 n 


17 


01 




Control, 48 h 


44 


37 


19 


AZT, 50 uAf, 48 h 


25 


54 


21 


AZT 200 uM, 48 h 


20 


62 


18 


Control, 60 h 


48 


37 


15 


AZT50uM,60h 


35 


48 


17 


AZT 200-jiM, 60 h 


37 


48 


15 


Control, 72 h 


48 


36 


16 


AZT 50 uM, 72 h 


41 ' 


44 


15 


AZT 200 uM, 72 h 


40 


43 l 


17 



*The numbers were generated using MODFIT analysis 



in the first 24 h, which was consistent with an almost 
total block of the cells in the S phase (Fig. 1). Growth 
retardation occurred during the next 24 h, which was 
followed by a return to control growth rates within 
72 h, even in the continued presence of the drug. 
Trypan blue dye exclusion showed a viability of 95% at 
all time points (Table 4). The AZT-induced cell-cycle 
perturbations were time- and concentration-dependent 
over a concentration range of 3-200 |iM. There was no 
cell-cycle perturbation effect during the first 5 h of AZT 
exposure. AZT-induced cell-cycle perturbations were 
maximal at 12-24 h after drug addition and then re- 
turned to baseline levels, even in the presence of the 
drug. The cell-cycle effects observed with AZT in WiDr 
cells were also observed in colon carcinomas SW480 
and SW620, MCF-7 breast carcinoma, BxPC3 pancre- 
atic carcinoma, A375 melanoma, and CCRF-CEM 
leukemia (Table 5). The results illustrated in Table 6 
indicate that phosphorylation of AZT is required for 
synchronization of cells. GC 3 TK~ cells, which lack the 
enzyme thymidine kinase and, thus, the ability to phos- 



phorylate AZT to the monophosphate, do not exhibit 
synchronization in the presence of AZT. In contrast, 
treatment of the parent line from which this clone was 
derived (GC 3 C!) with 200 \iM AZT led to the accumu- 
lation of approximately 90% of the cells in the S phase 
at 24 h. 

BrdUrd uptake studies using a fluorescein conjugate 
of an antibody to BrdUrd (Table 7) showed that the 
cells blocked in the S phase by AZT actively syn- 
thesized DNA and that less than 3% of the AZT- 
treated cells were in the dormant SO stage. This further 
confirms that exposure of exponentially growing WiDr 
cells to AZT at concentrations of up to 200 nM for 72 h 
is not cytotoxic. 



Discussion 

In this report, we describe a novel mechanism by which 
AZT can produce a synergistic interaction with S- 
phase-specific anticancer agents. AZT caused a time and 
concentration-dependent synchronization of human 
tumor cells in the S phase of the cell cycle. This syn- 
chronization was dose-dependent, transient, reversible, 
and cytostatic in nature. AZT at 200 \iM produced an 
almost total arrest of cells in the S phase of the cell 
cycle, whereas at lower concentrations, transit through 
the cell cycle was slowed significantly, though not com- 
pletely. Synchronization parallels and may be related 
to the decreases in deoxynucleotides observed follow- 
ing treatment of cells with AZT [8,9]. These studies 
[8,9] showed that treatment with 200 pAf AZT result- 
ed in decreased levels of deoxythymidine triphosphate 
(dTTP) and deoxyguanosine triphosphate (dGTP), 
which returned to near normal levels by 24 h. When 
cells are treated with AZT, the transient decrease in 
dTTP occurs at the same time as an increase in the 
levels of AZT and its phosphorylated derivatives, in- 
cluding AZT triphosphate (AZTTP). Since AZT and 
thymidine compete for the same enzymes (i.e., thy- 
midine kinase, thymidylate kinase, and DNA poly- 
merase), decreased levels of dTTP would allow for the 
increased incorporation of AZTTP into DNA. As 
dTTP levels again increase, there would be increased 
incorporation of dTTP into DNA relative to AZTTP 
due to the more favorable kinetic parameters of 
thymidine and dTTP for the synthetic enzymes. This 



Table 4 Growth rates of WiDr 
cells proposed to AZT 



Drug 


Doubling time (h) 






% Viability* 




0-24 


24-48 


48-72 


0-72 


24 h 


48 h 


72 h 


Control 


19.6 


21.6 


23.6 


21.7 


100 


100 


98 


AZT, 50 nM 


90.6 


19.5 


23.6 


27.7 


100 


100 


97 


AZT, 200 \iM 


NG 


41.4 


22.0 


48.0 


98 


100 


98 



■Viability was assessed using trypan blue dye exclusion 
(NG, no growth) 
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Table 5 Cell-cycle distribution in human tumor cells exposed to 
AZT* 



% Cells in 







S 


G 2 + M 


CCRF-CEM: 








Control, 12 h 


16 


54 


30 


AZT, 50 uM, 12 h 


30 


55 


15 


AZT, 200 uAf, 12 h 


0 


65 


35 


Control, 24 h 


40 


45 


15 


AZT, 50 uM, 24 h 


27 


68 


5 


AZ1, zuU uAtf, z4 n 


A 
U 




1 1 
1 1 


SW-480: 








Control, 12 h 


40 


46 


14 


Az- l, ju )J.iw, iz a 


ij 


70 


5 


AZ- 1 , ZUU \X1V1 , li U 


13 


87 


0 


Control, 24 h 


39 


48 


13 


A7T SO ii M 24 h 


34 


52 


14 


AZT, 200 uJM , 24 h 


22 


69 


9 


o W -OZU. 








Control, 12 h 


40 


45 


1 c 

1j 


A 7T <A njlyf 1 9 h 


97 


68 


5 


t\£ i , zuu jim , i z n 


9"* 
ij 


73 


4 


Control, 24 h 


38 


45 


17 


A7T <n ii A/ 54 h 


20 


65 


15 


AZT, 200 uM, 24 h 


* 2 


88 


0 


Xxpr 7. 
Mtr - /. 








Control, 12 h 


56 


22 


22 




46 


47 


7 


A 7T OAA 1 1 AA 1 9 Vi 

AZ 1, zUU UJM, iz n 




J7 


g 


Control, 24 h 


52 


28 


20 


A7T cn llM 94 Vl7 
AZ* 1 , Ju JliW , ZH nz 


41 
*ti 


57 


2 


AZT, 200 uM, 24 h 


49 


49 


2 










Control, 12 h 


63 


16 


21 


A r 7"T CA AY UK 

AZ1, jU U7W, iz n 


^9 

3Z 


T8 

JO 


10 


a 7T iaa •# ay 1 0 K 
AZ.1, zUU [liW, lz n 


cc 

JJ 


40 


5 


fnntrnl 94 h 


44 


34 


22 


AZT, 50 uAf , 12 h 


16 


78 


6 


AZT, 200 uJW, 12 h 


7 


93 


b 


A375: 








Control, 12 h 


15 


55 


30 


AZT, 50 uM, 12 h 


2 


74 


24 


AZT, 200 uM, 12 h 


0 


79 


21 


Control, 24 h 


17 


54 


29 


AZT, 50 uM, 24 h 


11 


64 


25 


AZT, 200 uJW, 24 h 


0 


94 


6 



"Cells exposed to AZT were fixed in ice-cold 70% ethanol and kept 
in a refrigerator for a minimum of 12 h (but no more than a week) 
until analysis by flow cytometry as described in Materials and 
methods 



return corresponded to the time in these studies at 
which the cell-cycle distribution began to reverse to- 
ward normal. 

The ability of AZT to induce synchronization ap- 
peared to be dependent on phosphorylation of the 
nucleoside. Treatment of GC3TK" a cell line deficient 



Table 6 Role of thymidine kinase in synchronization of cells by AZT 
% Cells in 



Cell/treatment 




S 


G 2 


GC3C1: 








Control, 12 h 


36 


42 


22 


AZT, 50 uM, 12 h 


37 


40 


23 


a 11111 OAA . . \M 11 L 

AZT, 200 (J.M, 12 n 


43 


4U 


17 


Control, 24 h 


47 


32 


21 


AZT, 50 uM, 24 h 


11 


78 


11 


AZT, 200 uM, 24 h 


6 


91 


3 


GC3/TK": 








Control, 12 h 


49 


33 


18 


AZT, 50 uM, 12 h 


52 


25 


23 


AZT, 200 uM, 12 h 


52 


24 


24 


Control, 24 h 


49 


32 


19 


AZT, 50 uM, 24 h 


48 


27 


25 


AZT, 200 uM, 24 h 


45 


34 


21 



Table 7 BrdUrd uptake studies in WiDr cells exposed to AZT 





% Cells in 










Ci 




S 




G 2 + M 






ES 


LS 


SO 




Control, 24 h 


27 


19 


57: 
35 


3 


16 


AZT, 50 uM, 24 h 


18 


16 


66: 
45 


5 


16 


AZT, 200 uJVf, 24 h 


10 


30 


84: 
50 


4 


6 


Control, 72 h 


31 


18 


51: 
30 


3 


18 


AZT, 50uAf, 72 h 


27 


13 


52: 
39 


3 


21 


AZT, 200 uM, 72 h 


22 


14 


60: 
46 


0 


18 



in thymidine kinase, the enzyme responsible for the 
phosphorylation of AZT, had no effect on the cell-cycle 
distribution in this cell line. Moreover, preliminary 
studies have indicated that the extent of the S phase 
block correlates with the amount of AZT incorporated 
into DNA (D.Duch, unpublished data). It had pre- 
viously been shown [9] that AZT could synchronize the 
leukemic cell line CCRF-CEM in the.S phase of the cell 
cycle. The results of this study show that AZT can also 
effectively synchronize cells derived from solid tumors. 

Recently, Keyomarsi et al. [14] described an effective 
procedure for the synchronization of tumor cells using 
lovastatin. This procedure arrested mammalian cells in 
the Gi phase of the cell cycle but required a second 
agent, mevalonic acid, to reverse the synchrony. In 
contrast, AZT-induced synchronization is reversible 
without addition of a second agent, even in the 
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continued presence of the drug. AZT treatment did not 
result in cell killing as determined by viability and cell 
growth measurements. BrdUrd uptake studies revealed 
that the arrested cells actively synthesized DNA, indic- 
ating the cytostatic nature of the AZT-induced cell- 
cycle effect. One approach to optimization of therapy is 
based on observations that the cell-cycle-trayersing 
properties of malignant tumors and therapy-limiting 
host tissues are often distinctly different and that a var- 
iety of anticancer agents exist that kill or block cells 
only in limited parts of the cell cycle [11]. Cytokinetic 
strategies are based on observations that the tumor 
and/or normal cells can be partially synchronized dur- 
ing therapy and that the administration of cell-cycle- 
specific cytotoxic agents can be timed to maximize 
tumor-cell killing and/or to minimize normal-cell kill- 
ing. These results suggest that pretreatment with AZT 
may modulate the tumor ceUslavorably to increase-the 
therapeutic index of the anticancer agent. 

Pretreatment of WiDr cells for 24 h with AZT fol- 
lowed by the combination of AZT and 5-FU or AZT 
and MTX resulted in synergistic cell-growth inhibition. 
Both 5-FU and MTX are S-phase-specific anticancer 
agents. The synergistic cytotoxicity seen in this study 
may have been due to synchronization of cells in the 
S phase of the cell cycle induced by AZT due to pret- 
reatment followed by lysis of those cells in the S phase 
by the S-phase-specific cytotoxic agents 5-FU and 
MTX. Other mechanisms for the mode of action of 
AZT have been proposed. Weber et al. [24,25] pro- 
posed that through its inhibition of thymidine salvage, 
AZT synergistically enhanced the antitumor effects of 
MTX and 5-FU, both inhibitors of de novo thy- 
midylate biosynthesis. Although inefficient as a sub- 
strate for cellular DNA polymerases, AZT can be in- 
corporated into DNA and, when incorporated, acts as 
a chain terminator [18,23]. AZT that has been incorp- 
orated into DNA can be removed by a 3'-exonuclease 
activity, although the repair process may be saturated 
at high levels of AZT. Harrington et al. [12] have 
shown that AZT monophosphate is an inhibitor of 
3'exonuclease purified from two different human cell 
lines and that the high levels of AZT monophosphate 
present following AZT treatment may be sufficient to 
inhibit the" exonuclease activity and, hence, DNA re- 
pair. Indeed, Scanlon et al. [20,21] have proposed that 
AZT potentiates the antitumor activity of cisplatin 
through its effects on DNA repair. 

In summary, we report a novel mechanism of syn- 
chronization of human tumor cells by AZT leading to 
synergistic interaction with S-phase-specific agents. 
This warrants further investigation in vitro and in vivo. 
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Pharmacokinetics and Pharmacodynamics of High-Dose 
Zidovudine Administered as a Continuous Infusion in 

Patients With Cancer 

Karen Marchbanks, Pharm.D., Michael N. Dudley, Pharm.D., FCCP, Marshall R. Posner, M.D., and 

James Darnowski, Ph.D. 

Study Objective. To investigate the pharmacokinetics and pharmacodynamics 
of high-dose intravenous zidovudine (ZDV). 

Design. Phase 1, dose-escalating, unblinded study in patients with cancer. 

Setting. A university-affiliated cancer treatment center. 

Patients. Fourteen patients (6 women) with solid tumors that were 
unresponsive to standard therapy received 31 courses of therapy 

Interventions. Intravenous ZDV was administered in doses of 2, 3, 4, 5.5, 7, 
8.5, 10, 12, 15, or 20 g/mVday as a continuous infusion over 48 hours. 
Patients also received fluorouracil plus leucovorin for 24 hours before the 
start of and during the ZDV infusion. If no dose-limiting toxicities were 
encountered, subsequent doses were escalated. Blood samples were 
collected at 24 and 48 hours after the start of the infusion, and hourly for 4 
hours after stopping the infusion. Urine was collected in five patients 
during the infusion and for 24 hours after stopping it. Blood for measuring 
peripheral white blood cells was collected before and at the end of the 
infusion in seven patients to measure DNA chain breaks due to 
incorporation of ZDV. 

Measurements and Main Results. Zidovudine was measured in plasma by 
high-performance liquid chromatography and in urine fluorescence 
polarization immunoassay. Its incorporation into DNA was measured by 
determining DNA strand breakage in peripheral white blood cells using 
fluorescence analysis. Pharmacokinetic models were fit to plasma ZDV 
concentrations using extended least squares regression. Short-term high- 
dose ZDV was generally well tolerated, with adverse effects related to large 
amounts of free water administered during the infusion. The mean (SD) 
ZDV pharmacokinetic values were total clearance 1.44 (1.09) lThr/kg, 
volume of distribution 2.72 (2.97) 17kg, and half-life 1.2 (0.6) hours. 
There was considerable interpatient variability in total drug clearance. 
Although ZDV exposure increased proportionately with increasing dose, 
two of three patients receiving the highest dose (20 g/m 2 /day) had 
markedly low total drug clearances. The relation between the percentage of 
abnormal DNA in peripheral white blood cells and zidovudine area under 
the plasma ZDV versus time curve was described by the E max 
pharmacodynamic model. 

Conclusions. The pharmacokinetics of high-dose ZDV administered by 
continuous infusion to patients with cancer are similar to those reported 



452 



PHARMACOTHERAPY Volume 15, Number 4, 1995 



with lower doses in patients with infection due to the human immuno- 
deficiency virus. Further study of potential nonlinear pharmacokinetic 
behavior at doses above 20 g/m 2 /day is necessary. The high between- 
patient variability in ZDV clearance results in variable levels of exposure in 
vivo, and indicates the need for concentration- or effect-controlled study 
designs in the further evaluation of the agent's antineoplastic effects. 
(Pharmacotherapy 1995;15(4):451-457) 



Zidovudine (ZDV) is a pyrimidine nucleoside 
that was initially developed as an antineoplastic 
agent. Due to its limited antitumor activity as a 
single agent, this use was abandoned. The drug was 
ultimately shown to have antiretroviral activity. 1 " 3 

Recent studies demonstrated ZDVs antineoplastic 
efficacy when combined with agents that inhibit 
thymidylate synthesis, such as 5-fluorouracil (5- 
FU) and methotrexate. 4 " 6 Inhibition of de novo 
pyrimidine biosynthesis results in thymidine 
salvage pathways becoming the chief source of 
thymidylate for DNA synthesis. Thymidine 
salvage is mediated primarily by the enzyme 
thymidine kinase; this enzyme has a high affinity 
for ZDV and results in anabolic phosphorylation 
of the compound to the triphosphate metabolite. 
In the presence of inhibitors of de novo 
pyrimidine biosynthesis, ZDV triphosphate 
competes with thymidylate from salvage 
pathways during DNA synthesis; ZDV is 
incorporated into DNA. This interrupts DNA 
synthesis by terminating DNA chains. 
Combinations of ZDV plus inhibitors of de novo 
thymidylate synthesis display synergistic 
antitumor effects in human colon tumor cell lines 
in vitro, and in vivo in athymic (nude) mice 
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bearing tumor xenographs, without increased 
toxicity 5-7 ; however, the antitumor effect of the 
combination occurs at high concentrations of 
ZDV This need for high concentrations requires 
administration of doses higher than those 
previously given in the standard treatment of 
human immunodeficiency virus (HIV) infection. 

We assessed the pharmacokinetics of high-dose 
ZDV in patients with advanced malignancies 
receiving combination therapy of ZDV, 5-FU, and 
leucovorin. Details concerning clinical response 
and drug tolerance with this regimen are 
published elsewhere. 8 

Methods 
Patients 

Patients with histologically documented 
malignancy with no standard alternative therapy 
were eligible for enrollment if they met the 
following criteria: serum creatinine 1.6 mg/dl or 
less; liver enzymes less than or equal to 10 times 
normal; expected survival of 8 weeks or more; 
and Eastern Cooperative Oncology Group 
(ECOG) performance status less than 3 
(bedridden < 50% to fully ambulatory). The 
protocol was approved by a human research 
review committee, and informed consent was 
obtained for all patients. 

Study Design 

All patients were admitted to the hospital for 
treatment and received 5-FU 800 mg/m 2 /day as a 
continuous infusion, plus leucovorin 50 mg 
every 6 hours for 72 hours. Twenty-four hours 
after the start of 5-FU-leucovorin, a continuous 
infusion of ZDV (Burroughs Wellcome Co., 
Research Triangle Park, NC) was started and 
continued for 48 hours. The doses of ZDV were 
2, 3, 4, 5.5, 7, 8.5, 10, 12, 15, and 20 g/mVday. At 
least two patients were treated at each dose level, 
and in any patient who experienced no dose- 
limiting toxicities, subsequent courses were 
escalated. Patients were eligible for retreatment at 
a higher dose if the previous course was tolerated. 
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Sample Collection 

An indwelling venous catheter was placed 
before ZDV therapy, and blood samples were 
obtained at 24 and 48 hours after the start of the 
48-hour infusion. Additional samples were 
collected hourly for 4 hours after the conclusion 
of the infusion. Plasma was harvested by 
centrifugation and stored at -70°C until assay 

In a subset of five patients, all urine was 
collected and pooled during 0-24, 24-48, 48-52, 
52-56, and 57-72 hours after the start of ZDV 
infusion. Urine volume was recorded and a 5-ml 
aliquot was frozen at -70°C for assay of ZDV and 
ZDV glucuronide contents. 

Zidovudine Assay 

Concentrations of ZDV in plasma were quanti- 
fied by high-performance liquid chromatography 
(HPLC) using previously reported methods. 9 Ice- 
cold 15% trichloroacetic acid 200 pi was added to 
100 pi of plasma, mixed, and centrifuged. After 
centrifugation, the supernatant was neutralized 
by extraction with an equal volume of IN 
trioctylamine in freon. This mixture was 
vortexed and the ZDV content of the aqueous 
material was quantified by the injection of 50 pi 
onto a C-18 analytic column (4.6 mm x 25.0 cm; 
Microsorb; Rainin, Woburn, MA) of the HPLC 
system. The column temperature was maintained 
at 20°C Zidovudine was eluted at 1 ml/minute 
with a mobile phase of 30% methanol in water, 
and monitored at 254 nM using a fixed- 
wavelength detector. Under these conditions, the 
recovery of ZDV from plasma was 95% or greater. 
The retention time for ZDV was 11.5 minutes, 
and ultraviolet detection was linear over a 
concentration of 0.5-100 pM. 

Concentrations of ZDV and ZDV glucuronide 
in urine were determined using fluorescence 
polarization immunoassay (FPIA; Sigma 
Diagnostics, St. Louis, MO) on an Abbott TDx 
system (Abbott Laboratories, Abbott Park, IL). 
All samples were diluted by at least 1:20 in 
pooled human serum to bring concentrations 
into the range of the assay. For measuring ZDV 
glucuronide concentrations in urine, each urine 
sample was divided and one aliquot was assayed 
directly for ZDV content. The second aliquot 
was combined with 1250 U (J-glucuronidase 
(Sigma Diagnostics) and incubated at 37°C for 60 
minutes to release ZDV from the glucuronide 
conjugate; this aliquot was then assayed for total 
ZDV content. The molar difference in concen- 
trations between aliquots was determined to be 



the ZDV glucuronide concentration. Validation 
studies demonstrated that the recovery of ZDV 
from ZDV glucuronide using this method was 
approximately 100% (data not shown). 

The within- and between-day variability of 
three seeded control samples of 490, 160, and 
100 ng/ml ranged between 1.7% and 8% 
(coefficient of variation x 100%). At least one 
control was assayed with a set of 12 unknown 
urine samples. Since each sample underwent 
dilution, and the lower limit of quantification 
was 0.7 ng/ml, the lowest quantifiable 
concentration of ZDV glucuronide in urine was 
14 ng/ml. 

Pharmacokinetic Analysis 

A one- or two-compartment pharmacokinetic 
model was fitted to plasma ZDV data using 
extended least squares regression. 10 The variance 
model was Y***, where Y is the estimated plasma 
ZDV concentration, and PWR is a value constrained 
between 0 and 3. Selection of the pharmacokinetic 
model was guided by inspection of weighted 
residual plots for fitted data, and the Schwartz 
criterion, which invokes the rule of parsimony in 
the model discrimination process through 
consideration of the log likelihood of the model 
with the number of parameters used in the 
model. 11 The area under the plasma ZDV versus 
time curve (AUC) was calculated by dividing the 
dose by the estimate of clearance returned form 
the model. The elimination half-life was 
calculated by 0.693/\ 2 , where X r is the slope of 
the terminal elimination phase returned from the 
model fit. The volume of distribution was 
calculated as Dose/(AUC • X z ). Renal clearance 
was calculated by the equation Clr = Ae(ti- 
t2)/AUC(ti-t2), where Ae is the amount of drug 
excreted in the urine, and AUC is the 
corresponding plasma AUC during time ti to t2. 
Nonrenal clearance was calculated by the 
difference between total clearance and renal 
clearance during the 48-hour infusion. Creatinine 
clearance was calculated by the method of 
Cockcroft and Gault. 12 The relation between the 
administered ZDV dose and AUC was examined 
by linear regression, and the outlier test was 
performed to determine if higher doses resulted 
in a disproportional increase in AUC. 13 

Pharmacodynamic Analysis 

Zidovudine's incorporation into DNA was 
measured by determining DNA strand breakage 
using a fluorescence analysis of DNA structural 
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Table 1. Characteristics of 14 Patients 


Characteristic 


value 


Median (range) age (yrs) 


64 (42-78) 


No. (%) women 


6(43) 


Mean (± SD) body weight (kg) 


68.3 (12.7) 


Tumor site, no. (%) patients 




Colon 


10 (72) 


Lung, head/neck 


3(21) 


Other 


1(7) 


Mean (± SD) calculated creatinine clearance 


66.2 (24.1) 


(ml/min) 




No. (%) patients who received 5-FU previously 


7(50) 


No. courses of ZDV 




2 


i 

■j 


3 


4 


4 


3 


5.5 


3 


7 


2 


8.5 


4 


10 


5 


12 


2 


15 


2 


20 


3 



Table 2. ZDV Pharmacokinetic Parameters for 31 Courses 
of Therapy 



changes modified for whole blood cell 
populations as described elsewhere. 8, 9 Blood was 
collected in tubes containing EDTA for 
evaluating DNA strand breaks in peripheral white 
cells before and at the conclusion of the ZDV 
infusion. The results were expressed as 
percentage of abnormal DNA compared with 
daily controls from a healthy volunteer. The 
relation between drug exposure and DNA strand 
breaks was examined using the E^x and sigmoid 
Emax models. 14 
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Figure 1. Mean plasma ZDV concentrations for four 
representative doses (2, 4, 10, and 20 g/mVday) during 48- 
hour continuous infusion and during washout 



Variable 



Mean (± SD) 



Total clearance (L/hr) 
Total clearance (L/hr/kg) 
V ra (D 

VareaOAg) 

X z (l/hr) 
Half-life (hrs) 



91.48 ± 56.55 
1.44 ± 1.09 

169.0 ± 1513 
2.72 ± 2.97 
0.63 ± 0.21 
1.2 ± 0.6 



Results 

Pharmacokinetic Analysis 

Fourteen patients received 31 courses of 
therapy. They tended to be elderly, with the 
primary tumor involving the lower gastrointestinal 
tract (Table 1). The median serum creatinine was 
1.4 mg/dl, with a 3-fold range in individual 
values. 

The ZDV infusions were generally well 
tolerated. The principal toxicity was mild to 
severe hyponatremia that was not dose related. It 
appeared to be secondary to the large amount of 
free water administered during the ZDV infusion; 
this effect was observed less frequendy when the 
drug was infused with saline-containing 
solutions. 

Figure 1 depicts the mean plasma ZDV concen- 
trations for four representative doses. The mean 




Daily Dose in g/m 2 

Figure 2. Clearance of ZDV during 31 courses of therapy in 
14 patients. Nine patients received more than one course. 
Values for 11 patients are depicted by (+); individual values 
for three patients who received several courses with 
different doses are shown by different symbols A , and ■ 
for each patient) to demonstrate the low degree of 
intrapatient variability in clearance. 
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Table 3. Urinary Excretion of ZDV and ZDV Glucuronide (GZDV) and Nonrenal Clearance of ZDV in 5 
Patients Receiving 8 Courses of Therapy 





tuv uose/ 


Urinary Recovery* 


Ui.LIV.LUV 


ZDV Renal Clearance (L/hr) 




Patient 


z*t nours 


(<£) 




Urinary 




During 


Nonrenal 


Initials 


(g/m 1 ) 


ZDV 


GZDV 


Recovery Ratio 


Infusion b Washout 


Clearance (L/hr) b 


GE 


8.5 


ND 


90 


67.5 


3.7 


6.6 


69.3 




15 


18 


70 


6.7 


13.1 


53.1 


75.8 




20 


10 


90 


15.9 


4.6 


1.8 


33.5 


JD 


10 


14 


75 


8.6 


8.2 


15.8 


53.4 


DO 


10 


11 


76 


11.9 


7.7 


7.8 


53.1 


JM 


15 


10 


75 


14.1 


11.5 


ND 


. 88.4 




20 


15 


70 


6.3 


19.3 


14.5 


77.4 


LT 


20 


8. 


80 


18.2 


3.2 


8.8 


38.1 



ND = not done. 

"Percentage of infused dose recovered as drug in urine between 0 and 52 hours. 
b From urine collections during the 48-hour infusion. 



(± SD) 48-hour (steady-state) concentrations 
were 2.47 (± 0.5) in three patients receiving 2 
g/m 2 /day; 3.54 (± 2.4) mg/L in three patients 
receiving 4 g/m 2 /day; 8.72 (± 4.5) mg/L in five 
patients receiving 10 g/m 2 /day; and 26.85 (± 
18.6) mg/L in three patients receiving 20 
g/m 2 /day; the steady-state plasma ZDV levels in 
patients receiving the highest dose were 
disproportionally higher than in those receiving 
lower doses. The postinfusion decline in plasma 
concentrations was usually best described using a 
one-compartment pharmacokinetic model. 

Considerable interpatient variability was seen 
in ZDV total clearance (Table 2, Figure 2). In 
contrast, intrapatient variability appeared to be 
low, since values for patients receiving several 



courses at different doses were similar. The 
relation between AUC and ZDV dose was linear 
and statistically significant (p<0.05; data not 
shown). Figure 3 shows dose-normalized values 
of ZDV AUC versus the administered dose; the 
slope of this relation was not different from zero. 
However, there was some suggestion of lower 
clearance with the highest dose (20 g/m 2 /day). 
Clearance values for two courses at the highest 
dose were among the three lowest observed in 
this series. Furthermore, one of these patients 
had received three previous courses of ZDV at 
lower doses (8.5, 10, and 12 g/m 2 /day) and had 
measured ZDV clearances of 63.7, 86.0, and 73 
L/hour, respectively; clearance at 20 g/m 2 /day in 
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Figure 3. Dose-normalized (to 7000 mg) ZDV AUC 
according to total dose (in mg) administered over 48 hours. 
The slope of the line is not statistically significantly different 
from zero. 
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Figure 4. Relation between ZDV clearance and calculated 
creatinine clearance in 29 courses of therapy in 14 patients. 
Clearance (in ml/min) = 14.9 • calculated creatinine 
clearance in ml/min + 526.9; r 2 = 0.138, p<0.05. 
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this patient was 38.3 IThour, or 44-60% of that 
during previous treatment courses. 

The variability in total ZDV clearance was only 
partly explained by renal function. Figure 4 
demonstrates a weak but statistically significant 
linear correlation between total clearance and 
calculated creatinine clearance. Table 3 shows 
the renal excretion of ZDV and ZDV glucuronide 
in five patients receiving eight courses at doses 
between 8.5 and 20 g/m 2 /day. There were no 
statistically significant differences between renal 
clearance values measured during or after the 
infusion. The geometric mean urinary excretion 
ratio of ZDV glucuronide: ZDV during the 48- 
hour infusion was 13.6 (range 6.3-67.5); this 
ratio was similar across all dose levels. 

Pharmacodynamic Analysis 

The relation between DNA strand breaks and 
drug exposure in patients receiving 3 (2 
patients), 4 (1), 15 (1), and 20 g/m 2 /day (3) is 
shown in Figure 5. The percentage of cells with 
abnormal DNA was best related to ZDV exposure 
(AUC) by the E max pharmacodynamic model. 
The sigmoid Emax model was also tested, but the 
estimate for sigmoidicity was not different than 1, 
so the simpler E max form of the equation was 
selected. 

Discussion 

We administered ZDV at daily doses that are 
over 10-fold greater than those described in 
previous reports in HIV-infected patients. 15-18 
This resulted in steady-state plasma concen- 
trations that were 10-20 times higher than peak 
levels after usual oral doses for treatment of HIV 
infection. Despite large differences in doses and 
resultant concentrations, the pharmacokinetic 
values of ZDV were comparable with those 
previously reported after intravenous adminis- 
tration in patients with HIV infection. 15 For 
example, mean ZDV clearance values were 
between 1.3 and 2.8 L/kg/hour in 41 patients 
who received single intravenous doses between 
30 and 150 mg over 30 minutes. 18 

Although mean ZDV pharmacokinetics in our 
patients compare with those reported with lower 
intravenous doses, two of three patients receiving 
the highest dose (20 g/m 2 /day) had markedly 
lower total clearance, and were among the three 
lowest clearances reported in all patients. Both 
renal and nonrenal clearances were reduced in 
these patients. Whether doses of 20 g/m 2 /day or 
higher result in nonlinear pharmacokinetics 



requires further study. 

Zidovudine is predominantly excreted in urine 
as an ether glucuronide. 15 Since the major route 
of excretion is by metabolism, the differences in 
total clearance in our patients were explained 
only partly by renal function, and were consistent 
with previous values for the fraction of a dose 
excreted unchanged in urine (-14%). However, 
kidney function may also contribute to the 
metabolic clearance (glucuronidation) of ZDY as 
recent studies demonstrated significant formation 
of zidovudine glucuronide in kidney microsomes. 19 

The considerable variability in in vivo ZDV 
exposure allowed us to investigate the relation 
between drug exposure and a marker for incor- 
poration of ZDV into DNA. The Emax pharmaco- 
dynamic model adequately described the relation 
between the percentage of abnormal DNA in 
peripheral white blood cells and ZDV AUC. 
Estimates using this model indicate that an AUC 
approximately 4 times greater than that observed 
with the highest dose of ZDV given in this study 
would be required to exceed 90% abnormal DNA. 
If nonlinear pharmacokinetic properties are 
manifest at higher doses, incrementally smaller 
increases in dose may be sufficient to attain this 
target. Alternatively, short infusions of lower 
doses (and AUC) of ZDV but with high peak 
levels may give improved results, and are 
currendy being studied. 

Previous studies of oral ZDV in patients with 
HIV infection reported significant interpatient 
variability in drug clearance (and thus in vivo 
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Figure 5. Relation between ZDV AUC and the percentage 
of abnormal DNA (compared with control) in peripheral 
white blood cells of seven patients receiving 3-20 g/mVday. 
The percentage of cells with abnormal DNA was best 
described by the E max pharmacodynamic model as % 
abnormal DNA = AUC • 100/(982 + AUC). 
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exposure as measured by AUC). Our results 
confirm and extend this observation to patients 
with cancer receiving large intravenous doses as a 
continuous infusion. The substantial interpatient 
variability in clearance but demonstrable relation 
between ZDV exposure (AUC) and DNA chain- 
breakage has significant implications for further 
evaluation of this drug in clinical trials for the 
treatment of cancer. 

Studies of high-dose ZDV may be best 
conducted controlling drug exposure to achieve 
target levels of exposure or effects (e.g., % 
abnormal DNA). This may be important, since 
pharmacokinetic variability in patients is large 
and could result in variable antitumor effects and 
subsequent clinical response. Further studies 
providing other profiles of drug exposure derived 
from alternative modes of administration (e.g., 
bolus dosing) are in progress to elucidate fully 
the role of ZDV-containing regimens in the 
treatment of cancer. 20 
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ABSTRACT 



This phase I trial evaluated a high-dose, short-term infusion of zidovudine (AZT) 
following oral leucovorin (LV) and bolus 5 -fluorouracil (FUra). Thirteen patients 
with metastatic cancer received 30 cycles of therapy. Plasma monitoring demon- 
strated a dose-dependent increase in peak plasma levels of AZT through the range 
of dose levels, from 104.3 ± 8.7 pM at the 1.5 glm 2 dose of AZT to 1312 6 ± 165 9 
pM at the 11 .0 g/m 2 dose. While AZT did not potentiate the usual clinical toxicities 
of LV plus FUra, an unexpected finding of symptomatic hypotension during the AZT 
infusion was the dose-limiting toxicity in this trial. One partial response was 
observed in a previously untreated patient with metastatic colorectal cancer The 
maximal tolerated dose of AZT, 7.0 g/m 2 over 2 hr, is recommended for future 
phase II evaluation of this novel combination. 



INTRODUCTION 

Zidovudine (AZT) has synergistic antineoplastic ef- 
fects when used in combination with 5-fluorouracil 



(FUra) in human tumor cell lines and tumor xenografts 
in athymic nude mice (1-3). Importantly, the in vivo 
synergism has been obtained without increasing toxicity 
over that of FUra alone, biochemical studies have re- 
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vealed that this enhanced antineoplastic effect is accom- 
plished through increased incorporation of AZT into 
DNA in the presence of FUra (3). AZT does not appear 
to affect the metabolism or activity of FUra (I). 

A phase I and clinical pharmacological study evalu- 
ating oral AZT given over 2 days with a fixed dose of 
FUra (800 mg/m 2 /day by continuous infusion for 3 days) 
and oral leucovorin has been performed (4). Eighteen 
patients with advanced malignancies were treated with 
doses of AZT ranging from L.O to 9.0 g/m 2 /day. Nausea 
and vomiting were dose-limiting, with a maximal toler- 
ated dose of 7.5 g/m 2 /day. Although a dose-related 
increase in plasma levels of AZT was observed, no 
clinical responses were documented, suggesting that 
adequate plasma AZT levels might not have been 
achieved. 

A subsequent phase 1 clinical trial was undertaken 
using intravenous AZT to deliver a higher dose of drug 
than possible by the oral route, in an effort to achieve 
higher plasma levels. Eighteen patients with advanced 
cancer were treated with the same fixed doses of FUra 
(800 mg/m 2 /day by continuous infusion for 3 days) and 
oral leucovorin. AZT was infused starting 24 hr after the 
start of FUra and leucovorin and continued for 48 hr 
terminating at the end of the FUra infusion. AZT, 
administered in doses of 2-20 g/m 2 /day, added no 
obvious toxicity to the basic chemotherapeutic treatment 
with leucovorin and FUra. At doses above 15 g/m 2 /day, 
plasma AZT levels increased dramatically in relation to 
the dose of AZT. Despite this, no clinical responses were 
seen in this heavily pretreated group of patients. Limita- 
tions in drug delivery restricted administration of higher 
intravenous doses (5). This report describes a third phase 
I clinical trial giving AZT as a more rapid (2 hr) infusion, 
in an attempt to achieve higher peak plasma levels of 
AZT. 

METHODS 

Selection of Patients — 
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vided radiotherapy did not include >3000 rads to >50% 
of the pelvic bone structure and lower spine, and the only 
site(s) of measurable disease were outside the radiother- 
apy port or had progressed since completion of radiother- 
apy. 

Patients were required to have adequate hematologi- 
cal, renal (serum creatinine <* 2.0 mg%), and hepatic 
function (total bilirubin < 1.5 mg% and aspartate ami- 
notransferase < 2.5 times the upper limit of normal) and 
an Eastern Cooperative Oncology Group (ECOG) perfor- 
mance status of 0-2. Written consent was obtained prior 
to therapy. 

Treatment Plan 

Each cycle consisted of four fixed weekly doses of 
loading oral leucovorin and intravenous bolus FUra given 
before AZT was administered as a 2-hr infusion. Patients 
received lour doses of oral LV (100 mg, Wellcovorin R 
brand, Burroughs Wellcome Co., Research Triangle 
Park, NC) hourly up to the anticipated administration of 
FUra, and two additional doses at 4 and 8 hr after the 
FUra dose for a total of 600 mg. The FUra dose was 400 
mg/m 2 given as an intravenous bolus. One hour after the 
FUra, the AZT infusion was administered over 2 hr. The 
AZT was dissolved in sterile water at a concentration of 
20 mg/ml (Retrovir R brand, Burroughs Wellcome Co.) 
and given directly to patients receiving 7.0 g/m 2 of AZT 
or less. At higher doses, 0.9% normal saline was added 
to the AZT to a total volume of 1200 ml prior to infusion. 
The FUra and AZT were given in an outpatient treatment 
center, while the LV doses were taken at home. The 
starting dose of AZT, 1.5 g/m 2 over 2 hr, represented a 
similar dose rate to the highest dose level seen with a 
48-hr continuous infusion of AZT (20 g/m 2 /day x 2 days) 
(5). The dose of AZT was escalated in 1-2 g/m 2 
increments as follows: 3.0, 5.0, 7.0, 9.0, and 1 1.0 g/m 2 . 
At least 3 patients were treated at each AZT level. Cycles 
were repeated starting at each fifth week, and patients 
completing a cycle without toxicity could be escalated to 
the next AZT dose level. 



grafts 
vivo 
xicity 
. e re- 



Patients with a histologically documented diagnosis 
of carcinoma with clinical and/or laboratory evidence of 
recurrence and/or disseminated disease were eligible for 
treatment on this trial. Patients with measurable, 
bidimensional disease were included. Prior chemother- 
apy or hormonal therapy, either in the adjuvant setting 
or for treatment of metastatic disease, was acceptable, 
assuming the effects of the last therapy had resolved. 
Patients who had prior radiotherapy were eligible pro- 



Study Parameters 

Prior to entry onto the protocol, the following infor- 
mation was collected on each patient: a history, physical 
examination, complete blood count (including differen- 
tial and platelets), electrolytes, liver function tests (in- 
cluding total bilirubin, alkaline phosphatase, lactate de- 
hydrogenase, aspartate aminotransferase), carcino- 
embryonic antigen (CEA) level (if indicated), chest 
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X-ray, and the specific radiological studies necessary to 
define the extent of tumor spread. A complete blood 
count was performed weekly. All studies performed 
before entry were repeated at the beginning of each 
course, except the radiological studies, which were 
optional. 

Response Criteria 

After two complete courses of treatment, the patient 
was evaluated for response according to ECOG criteria. 
A complete response was defined as complete disappear- 
ance of all clinically detectable malignant disease without 
development of new malignant lesions, lasting for a 
minimum of 4 weeks. A partial response was defined as 
greater than or equal to a 50% decrease in tumor size 
(determined by multiplication of the longest diameter by 
the greatest perpendicular diameter) for a minimum of 4 
weeks. If decreases in bidimensional, measurable disease 
of less than 50% had occurred, without the appearance 
of new malignant lesions, for a minimum of 4 weeks, 
the patient was considered to have stable disease. Finally, 
patients with a significant increase in the size of lesions 
present at the start of therapy, or with the appearance of 
new metastatic lesions known not to be present at the 
start of therapy, were considered to have had objective 
progression of their disease. 

Termination of Study 

Patients were taken off study if objective tumor 
progression occurred after two courses of treatment or if 
they developed intolerable or life-threatening toxicity. 
The study was terminated when a maximum tolerated 
dose was defined as one dose level below the level that 
caused a grade IV toxicity in a single patient. 

Blood Sampling 

Blood samples to monitor plasma AZT were drawn 
into heparinized tubes from an indwelling intravenous 
heparin lock in the arm contralateral to the infusion site. 
Seven-milliliter samples were drawn at four time points 
each week: 15 min after the FUra was given, immediately 
before the AZT infusion, at the end of the AZT infusion, 
and 15 min after the end of the AZT infusion. AZT levels 
were determined by high-pressure liquid chromatography 
analysis of plasma separated from cells and processed as 
previously described (6). 



RESULTS 

Clinical Findings 

Thirteen patients with advanced malignancy com- 
pleted a total of thirty cycles of treatment on this trial 
(Table 1). While the majority of patients (85%) had 
undergone previous treatment for metastatic disease, 
most maintained an excellent performance status. Seven 
of the patients had colorectal cancer; 1 of whom had not 
received prior chemotherapy for metastatic disease. AZT 
therapy was initiated at 1. 5 g/m 2 and escalated in 1.0-2.0 
g/m 2 increments to a maximum of 11.0 g/m 2 . Three 
patients were treated at the 1 .5 and 3.0 g/m 2 dose levels, 
4 at 5.0 g/m 2 , and 7 at the 7.0 and 9.0 g/m 2 levels. Only 
2 patients were permitted to complete a full cycle of 
treatment at the 1 1.0 g/m 2 dose of AZT due to the 
development of an unexpected grade 4 toxicity in a 
patient receiving the 9.0 g/m 2 dose concurrently (see 
beiow). 

Toxicity 

No hematological toxicity of ECOG grade 3 or 4 was 
observed in this trial. Gastrointestinal side effects were 
manifested as abdominal cramping and diarrhea (Table 
2). The severity of these effects was primarily grade 2 
or less. In four of 30 (13%) treatment cycles, grade 3 



Table I 
Patient Summary- 



No. of patient entered 13 
Sex 

Male 5 

Female 8 

Age (years) 

Mean 64 

Range 40-79 

Prior chemotherapy 1 1 

Performance status 

ECOG 0 10 

ECOG 1-23 3 

Tumor type 

Colorectal 7 

Breast 3 

Lung I 

Unknown primary I 

Leiomyosarcoma I 

Total cycles 30 

Range (per patient) 1-5 
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Table 2 

incidence of ECOG Grade 3 and 4 Clinical Toxicities 



A7T HnQf* 


Cil toxicitv 


Hypotension 


(gnVm 2 ) 


# cycles/total cycles 


# cycles/total cycles 


1.5 


l a /3 


0/3 


3.0 


2/3 


0/3 


5.0 


0/4 


1/4 


7.0 


0/7 


6/7 


9.0 


1/11 


7 b /ll 


11.0 


1/2 


2/2 




5/30 


16/30 



All toxicities reported are ECOG grade 3 except for: a one patient with 
grade 4 abdominal cramping and diarrhea, and b one patient with grade 
■i hypotension complicated by apnea. 



toxicity was observed. In addition, 1 patient experienced 
graded ^ pslrointestinai toxicity and required hospitaliza- 
tion for intravenous fluids. This patient had been heavily 
pretreated with many chemotherapeutic agents, including 
FUra. 

By far the most troublesome clinical toxicity was the 
development of symptomatic hypotension, ECOG grade 
3, during the AZT infusion, in 10 of 13 (77%) patients 
receiving AZT doses of 7.0 g/m 2 or higher. Declines in 
mean arterial pressure ranged from 10 to 45 mmHg. The 
hypotension was associated with one or more of the 
following signs and symptoms: lightheadedness, drows- 
iness, diaphoresis, nausea, vomiting, headache, back 
pain, precordial chest pain, and, in one instance, apnea. 
The frequency of these reactions at each AZT dose level 
is indicated in Table 2. Precordial chest pain occurred in 
2 elderly male patients with a prior history of stable 
coronary artery disease, I treated at 5.0 and the other at 
9.0 g/m 2 of AZT. The latter was hospitalized for further 
cardiological evaluation and suffered no further sequelae, 
but both patients were taken off study because of this. A 
single grade 4 toxicity was noted in a 61-year-old woman 
who suddenly developed apnea and a nonpalpable blood 
pressure shortly after the start of a 9.0 g/m 2 infusion of 
AZT. She was resuscitated quickly with chest compres- 
sions and ambu bagging and was observed in the hospital 
for 24 hr before being discharged. This patient had 
previously received AZT at 7.0 g/m 2 without complica- 
tions. 

Response Evaluation 

A partial response was observed in a previously 
untreated, 77-year-old male patient with colorectal can- 



cer and metastatic disease to the liver. Following one 
cycle of treatment with 9.0 g/m 2 of AZT, there was a 
marked decline in the serum CEA level (from 122 to 20) 
and an 85% decrease in the size of several liver lesions 
on computed-tomography scan. This patient was taken 
off study, however, on the first day of the second cycle, 
due to the development of precordial chest pain during 
the AZT infusion, necessitating hospitalization. Stable 
disease was observed in 4 patients in liver, lung, and soft 
tissue disease sites, who received one to four cycles of 
therapy. Two of these patients had to be removed from 
study because of symptomatic hypotension. The remain- 
ing 8 patients developed progressive disease. 

Plasma Concentration of AZT Following 
High-dose Infusion 

Plasma monitoring demonstrated a predictable, dose- 
dependent increase in the .peak plasma Jeyels of AZT 
from 104.3 ± 8.7 jxM at the 1.5 g/m 2 dose to 1312.6 ± 
165.9 |xM at the 11.0 g/m 2 dose of AZT (Fig. 1). By 
this route and schedule, the peak plasma level for the 9.0 
g/m 2 dose was 30-fold greater than that reported for the 
oral 9.0 g/m 2 AZT dose in a previous trial (4). 

DISCUSSION 

This report presents the clinical and pharmacological 
results of a phase I trial evaluating the novel combination 
of escalating, high-dose infusion of AZT with fixed doses 
of oral leucovorin and bolus FUra in patients with 
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Figure 1. Peak plasma AZT levels as a function of dose. 
Samples were drawn at the end of the 2-hr AZT infusion, and 
AZT content was determined by high-pressure liquid chroma- 
tography methods. Each point represents the mean and SE of 
6-26 determinations. 



468 



Bcitz et al. 



advanced cancer. Whereas AZT has little intrinsic anti- 
neoplastic activity (7), in the presence of agents that 
inhibit de novo thymidylate production, we postulate that 
AZT competes for phosphorylation by thymidine kinase 
and would be increasingly incorporated into DNA, caus- 
ing premature chain termination (8,9). Moreover, differ- 
ences between tumor cells and normal tissues in thymid- 
ine metabolism exist, such that tumor cells can salvage 
thymidine more efficiently (10). Thus, the combination 
of high plasma levels of AZT, in the presence of the 
thymidylate synthase inhibitor FUra, would be expected 
to have significant antitumor activity (1-3). 

In a previous trial, oral AZT in combination with 
fixed-dose oral leucovorin (LV) and FUra could be given 
safely at 7.5 g/m 2 /day. However, nausea and vomiting 
were dose-limiting, and clinically relevant, sustained 
plasma AZT levels were not achieved (4). Rapid infusion 
of AZT -over 2 hr in the current combination can achieve 
peak plasma levels found to be effective in preclinical 
studies. While AZT did not appear to potentiate the 
expected hematological or gastrointestinal clinical toxic- 
ities of LV plus FUra, the unexpected finding of symp- 
tomatic hypotension was the dose-limiting toxicity in this 
trial. 

Several approaches were taken to combat the drops in 
blood pressure that occurred during the AZT infusions. 
Initially, normal saline boluses given while AZT was still 
running were attempted, but it became necessary to halt 
the AZT until systolic blood pressure had risen to at least 
90 mmHg. Recovery of blood pressure usually occurred 
within 1 hr of stopping the AZT. In some cases, the AZT 
infusion was resumed at a slower rate without further 
difficulty. At the 7.0 g/m 2 dose level, all patients began 
to receive premedication with decadron 10 mg/m 2 intra- 
venously, 15 min prior to the AZT, to offset the possible 
"allergic" component to the reaction. No consistent 
improvement was noted, however. At dose levels of 9.0 
and higher, the AZT was mixed with additional normal 
saline to a total volume of 1200 ml and administered over 
2 hr at a rate of 600 cc/hr. While mean changes in systolic 
blood pressure were minimized for the 9.0 g/m 2 doses, 
this measure failed to control blood pressure drops for 
the patients receiving the 1 1.0 g/m 2 dose. Symptomatic 
treatment of any associated symptoms, such as vomiting 
or pain, was given as indicated. 

Although the blood pressure declines were partially 
ameliorated by the addition of normal saline to the AZT 
prior to infusion, the maximally tolerated dose in this 
trial was defined at 7.0 g/m 2 of AZT, that is, one dose 
level below which a grade 4 hypotensive episode oc- 
curred. Therefore, it is recommended that future phase 



II studies utilize a dose of 7.0 g/m 2 of AZT infused over 
2 hr, with the following critical modification: the AZT 
is to be dissolved directly in normal saline instead of 
sterile water. Thus, the entire infusion of 1200 ml will 
be formulated in 0.9 normal saline, rather than 0.25 
normal saline (approximately) used in this trial. In 
addition, patients with preexisting cardiac disease, in- 
cluding myocardial infarction, congestive heart failure, 
and arrhythmias, would be excluded. To date, 14 patients 
with metastatic colorectal cancer have been enrolled in 
a phase 11 trial conducted at three different sites and have 
received a dose of 7.0 g/m 2 of AZT formulated as 
described over a 2-hr period in the outpatient setting. To 
date, the new AZT formulation has been well tolerated, 
without the development of symptomatic hypotension 
(unpublished results). 

The significance of the one partial response observed 
in a previously untreated .patient with metastatic colorec- 
tal cancer is unclear in this small group of patients, most 
of whom had progressed on other chemotherapy combi- 
nations. Phase II evaluation of this novel combination in 
a larger number of previously untreated patients with, 
metastatic colorectal cancer will better address the anti- 
tumor efficacy of this drug combination. If activity is 
demonstrated in that trial, future phase III comparisons 
to other active chemotherapy regimens for colon cancer 
would be warranted. 
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Background. The inhibition of pyrimidine metabo- 
lism by S fluorburacil (5-FU) enhances the anti-cancer 
efffects^f "zidovudine (formerly called AZT) in in ^ vitro 
and in vivo model systems without additive toxicity. Zi- 
dovudine-induced DNA damage correlates with cytotox- 



icity. 

Methods. A Phase I trial of high-dose continuous-in- 
fusion intravenous zidovudine therapy in combination 
with 5-FU and leucovorin therapy was performed. Eigh- 
teen patients with advanced malignant tumors were 
treated with 43 courses of oral leucovorin (50 mg every 4 
hours); continuous-infusion 5-FU (800 mg/MVday) for 
72 hours (3 days); and zidovudine, begun 24 hours after 
the start of 5-FU and leucovorin, for 48 hours, and termi- 
nating with the end of the 5-FU infusion^ Zidovudine 
plasma levels and zidovudine-induced DNA damage 

were assessed. „ ,.„/ 

Results. Zidovudine administered in doses of 2-20 g/ 
MVday , added no obvious toxicity to the basic chemother- 
apeutic treatment with 5-FU and leucovorin but resulted 
in a dose-dependent biologic effect manifested by an in- 
crease in DNA strand breaks in peripheral blood cells. At 
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doses greater than 15 g/MVday, altered plasma kinetics 
of zidovudine were observed; plasma zidovudine levels 
increased dramatically in relation to the dose of zidovu- 
dine. Limitations in drug administration restricted ad- 
ministration of higher intravenous doses without achiev- 
ing a maximally tolerated dose. No responses were seen 
in this heavily pretreated population. 

Conclusions. Based on the results of preclinical stud- 
ies, plasma zidovudine levels greater than those achieved 
at the maximal dose {133 urn) are required for increased 
anti-cancer activity with 5-FU. Additional studies using 
a bolus or rapid infusion as a method of achieving higher 
peak levels are indicated. Cancer 1992; 70:2929-34. 

Key words: zidovudine, cancer chemotherapy, 5-flu ro- 
uracil, pharmacokinetics. 

Although highly effective as an antiretroviral agent, zi- 
dovudine (formerly called AZT) has little intrinsic anti- 
neoplastic efficacy as a single agent. 1 " 4 Recently, it has 
been shown that inhibition of pyrimidine metabolism 
can markedly enhance zidovudine anti-cancer effects 
in cultured human colon tumor cell lines and in vivo in 
xenoerafted human tumor models. 1 Zidovudine antitu- 
mor synergism with 5-fluorouracil (5-FU) in vivo m mu- 
rine models was without additive toxicity. 1 Synergism 
occurs when de novo thymidylate (dTMP) synthesis is 
inhibited, for example by 5;FU. Thymidine sa vage 
which is mediated by thymidine kinase (TK), becomes 
the preponderant source of dTMP for support of DNA 
synthesis. TK also phosphorylates zidovudine which 
as the triphosphate. AZTTP, competes with dTTP in 
DNA synthesis. 5 The relatively increased metabolism of 
zidovudine in the presence of thymidylate synthase 
(TS) inhibition also is enhanced in tumor cells by their 
reported lack, or low level, of expression of an active 
sodium-dependent transport system for thymidine into 
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neoplastic, compared with normal, cells. 6,7 As a result, 
zidovudine is efficiently incorporated into DNA, result- 
ing in DNA strand breaks. 1,8,9 In vitro, zidovudine incor- 
poration and associated DNA damage correlate with 
cytotoxicity. 9 

Because of these experimental observations, we 
have initiated clinical trials of zidovudine as a potential 
anti-cancer drug. In a previous Phase I study, high-dose 
oral zidovudine was studied in combination with 5-FU 
and leucovorin for toxicity, biologic effects, and phar- 
macokinetics. Nausea and vomiting were dose limiting 
but were thought to occur as a result of local gastrointes- 
tinal effects of the drug. The combination treatment in- 
duced DNA strand breaks in peripheral blood cells, 
which appeared after a threshold dose. DNA damage 
did not increase with increasing dose after the threshold 
level. Analysis of plasma zidovudine pharmacokinetics 
showed no significant differences with high dose oral 
therapy in dosages as great as 8.5 g/M 2 /day compared 
with that observed with standard doses used in antire- 
troviral treatment. 8 Peak plasma levels of zidovudine 
were significantly lower than those used in murine mod- 
els to produce enhanced therapeutic effects. 1 These 
data suggested that larger zidovudine doses and plasma 
levels are required in humans for antineoplastic effects. 

In the current study, we evaluated continuous infu- 
sion of high-dose intravenous zidovudine in combina- 
tion with 5-FU and leucovorin in a Phase I clinical trial. 
Intravenous zidovudine was used to administer a 
higher dose of drug than possible by the oral route and 
achieve high plasma levels. High-dose continuous intra- 
venous zidovudine was well tolerated; there was a 
dose-dependent increase in DNA strand breaks ob- 
served in peripheral blood cells. At zidovudine dosages 
exceeding 15 g/M 2 /day, a nonlinear increase in plasma 
zidovudine levels was observed; despite this change in 
kinetics, it was determined that continuous infusion 
was insufficient to achieve the plasma levels needed for 
efficacy, and the trial was terminated without achieving 
dose-limiting toxicity. 

Materials and Methods 

Patient Selection and Examination 

Patients with histologically documented malignant dis- 
ease and no standard alternative therapy were selected 
for the study. Patients entered the study at least 4 weeks 
after previous therapy and after resolution of effects 
from such therapy. Patients were required to have clini- 
cally or radiographically evaluable disease; reasonable 
renal (creatinine, << 1.6 mg/dl) and hepatic function 
(liver enzymes, < 10 times normal); an expected sur- 
vival of 8 weeks or more; an Eastern Cooperative Oncol- 



ogy Group (ECOG) performance status 3 or less; and a 
signed consent for the experimental treatment ap- 
proved by the Institutional Review Board. Within 2 
weeks before therapy, patients were required to have 
an assessment of measurable or evaluable disease and 
baseline laboratory tests. Intraabdominal disease and 
liver metastases were measured by computed tomogra- 
phy scans; bone metastases were assessed by radio- 
graphs and bone scans and were considered as evalu- 
able disease. 

Serial physical examinations, radiographs, and 
serum markers were used to evaluate responses in all 
eligible patients after the start of the second cycle of 
therapy. Standard ECOG criteria were used to evaluate 
responses, response duration, and toxicity. 10 

Treatment 

Patients were admitted to the hospital for treatment 
and received oral leucovorin, 50 mg at the start of and 
every 4 hours during continuous-infusion 5-FU ther- 
apy. 5-FU was given at a dosage of 800 mg/M 2 /day as 
a continuous infusion for 72 hours (3 days). The daily 
dosage of the 5-FU was formulated in 1 1 of 5% dextrose 
in water and infused during a period of 24 hours; this 
regimen of 5-FU has been found to result in a 10-20% 
incidence of Grade 2 mucositis in patients. 810 Twenty- 
four hours after starting 5-FU, patients began receiving 
intravenous zidovudine. Zidovudine was administered 
as a continuous infusion for 48 hours, terminating with 
the end of the 5-FU infusion. Zidovudine was initiated 
at 2.0 g/M 2 /day and escalated in 1-5 g/M 2 /day incre- 
ments through ten dosage levels to a final dosage level 
of 20 g/M 2 /day. Five patients were entered at each 
level until a dosage level of 10 g/M 2 /day was reached, 
after which only three patients were entered per level. 
Initially, zidovudine was given in 5% dextrose in water, 
at a concentration of no greater than 4 g/1. After several 
episodes of hyponatremia, dosages of 8.5 g/M 2 -/day or 
more of zidovudine were prepared in 0.45% sodium 
chloride (NaCl) and 5% dextrose at a maximal concen- 
tration of 15 g/1. 

At least three patients were treated at each dose 
level. If no dose-limiting toxicities were encountered, a 
patient could be treated at a higher dose level. Treat- 
ment cycles were 4 weeks long. 

Plasma Drug Pharmacokinetics and Analysis of DNA 
Strand Breaks 

Blood samples were collected from patients with hepa- 
rin or ethylenediamine tetraacetic acid (EDTA) for 
plasma zidovudine levels or evaluation of DNA strand 
breaks, respectively. Heparinized blood was collected 
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I a t 24 hours, 48 hours, and 72 hours after the start of 
I 5-FU and at intervals after the infusions were termi- 
■ nated. Zidovudine levels were determined by high-per- 
▼ formance liquid chromatography (HPLC) analysis of 
plasma separated from cells and processed as previ- 
ously described. 8 

Termination of DNA elongation because of misin- 
corporation of zidovudine was used as a pharmacody- 
namic measure of in vivo effects. Single strand breaks 
in DNA from peripheral blood nucleated cells (PBC) 
were measured before and at 48 hours after the start of 
the zidovudine infusion in selected patients. A fluores- 
cent analysis of DNA unwinding, modified for whole 
blood cellular populations by collection in EDTA, and 
lysis of erythrocytes without additional separation of 
cells was used to evaluate samples. 8 ' 11 Selected patients 
had populations separated into peripheral blood mono- 
nuclear cells and polymorphonuclear leukocytes for 
separate evaluation. Several patients had samples 
tested 24 hours after the completion of the infusion. A 
healthy volunteer was used to establish the negative 
control for the strand break analysis, and the results are 
expressed as the percent of abnormal DNA in the pa- 
tient's test sample compared with that of the healthy 
volunteer. Several patients were tested at low and high 
zidovudine doses. Results from these patients were 
* identical to newly treated patients evaluated at each 
dose level. 

Results 



Clinical Results 

Eighteen patients were treated and had treatment re- 
sults that were evaluable for toxicity and response. As 
shown in Table 1, patients had a wide spectrum of ad- 
vanced solid tumors, dominated by colorectal carci- 
nomas. Most (66%) patients had received 5-FU as part 
of previous therapeutic regimens, and all but one pa- 
tient (who had malignant melanoma) had received pre- 
vious'cytotoxic chemotherapy. One patient did not re- 
ceive therapy with 4.0 g/M 2 /day because of a malig- 
nant tumor associated complication. A total of 43 
courses were administered. 

At a dosage of 5.5 g/M 2 /day (level 5), mild hypo- 
natremia was encountered in two patients. At a dosage 
of 7.0 g/M 2 /day (level 6), severe hyponatremia devel- 
oped in two patients (plasma sodium level, 114 and 119 
meq/1) and mild hyponatremia (plasma sodium level, 
128 meq/1) in one (normal, greater than or equal to 135 
meq/1). This was thought to be secondary to large 
amounts of free water administration in patients with 
impaired free water excretion as a result of ascites, re- 
duced serum protein, or mild cardiac dysfunction. 



Table 1. Patient Characteristics 



No. of patients 
Median age (range) (yr) 
Prior chemotherapy 

Prior 5-fluorouraciI therapy 
Tumor site 

Colon 

Lung, head and neck 

Other 
Responses 
Courses delivered 
Toxicity (S: Grade 2) 

Mucositis 

Nausea/vomiting 

Hyponatremia 

Leukopenia 

Fever 



18 

63 (26-78) 
17 
12 

10 

4 

4 

0 
43 

9 
9 
11 
1 
9 



Thereafter, zidovudine was prepared in 0.45% NaCl/ 
5% dextrose in water at a concentration that was 3.75 
times greater (15 g/1) to ameliorate the problem. Subse- 
quently, only occasional mild hyponatremia was en- 
countered in a nondose-dependent manner, prepon- 
derantly in patients with underlying problems of fluid 
balance, such as patients with congestive heart failure 
or ascites. 

Mucositis was not dose-dependent, and occurred at 
Grade 2 or 3 in 9 of 43 (20%) cycles. One patient had a 
leukocyte count of less than 2000/^1 while receiving 
7 0 g/M 2 /day. No other episodes of leukopenia or 
thrombocytopenia were encountered. Grade 2 nausea 
and vomiting also occurred during nine courses and 
were unrelated to zidovudine dose. Skin rash occurred 
in one patient and was mild. No patients had nephro- 
toxicity, neurotoxicity, or hepatobiliary abnormalities 
as a result of therapy. Four patients had nine acute fe- 
brile reactions during zidovudine infusions. In two pa- 
tients, fever began immediately upon the start of zido- 
vudine, and reoccurredwith all subsequent treatments. 
Maximum temperature was 38.8°C Febrile reactions 
were controlled with acetaminophen. No patients in 
this heavily pretreated and generally unresponsive pop- 
ulation showed evidence of a clinically significant re- 
sponse. 

Pharmacokinetics of High-Dose Intravenous 
Zidovudine 

Steady-state plasma zidovudine concentrations mea- 
sured at 24 hours after the start of the infusion are 
shown in Figure 1. Steady-state concentrations were 
highly variable between patients but generally in- 
creased at a linear rate with dosages as great as 15 g/ 
M 2 /day. However, two of three patients who received 
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Figure 1. Steady-state plasma zidovudine levels (mM) measured at 
24 hours increased with increasing daily dose of continuous- 
infusion zidovudine. 



20 g/M 2 /day had markedly higher serum zidovudine 
concentrations (> 110 /*m), suggesting that for those 
patients zidovudine clearance was reduced compared 
with other patients who received smaller dosages. The 
steady-state plasma level achieved at the dosage of 
20 g/M 2 /day was 133 plus or minus 43 /*m (three pa- 
tients) compared with 50 plus or minus 20 /*m at 15 
g/M 2 /day. 

DNA Strand Breaks 

The frequency of DNA single strand breaks in periph- 
eral blood cells was evaluated as a measure of the bio- 
logic effect of zidovudine. As shown in Figure 2, DNA 
strand breaks in peripheral blood cell populations oc- 
curred in a dose-dependent manner. Before zidovudine 
therapy, DNA strand breaks of patients were quantita- 
tively identical to those of healthy volunteers, indicat- 
ing no cumulative effect or pre-existing strand breaks 
related to prior treatment. In addition, intensity of prior 
treatment had no apparent effect on zidovudine-in- 
duced DNA strand breaks in the small number of pa- 
tients tested. To determine if DNA damage were more 
pronounced in different peripheral blood cell popula- 
tions, PBC from patients treated with 15 g/M 2 /day 
were separated into peripheral blood mononuclear cells 
and polymorphonuclear cells by density centrifugation 
and assayed for DNA damage. No differences were ob- 
served in the amount of damage detected in either 
mononuclear cells (preponderantly lymphocytes) or 
polymorphonuclear cells (data not shown). We also 
quantitated DNA damage 24 hours after termination of 
the infusion at 15 g/M 2 /day to determine if additional 
DNA damage or repair might be occurring at this later 
time point. The amount of DNA damage present in 



whole peripheral blood cell populations was un- 
changed 24 hours after completion of the infusion (data 
not shown). 

Discussion 

In this study, we report the results of a Phase I trial of 
high-dose continuous-infusion intravenous zidovudine 
in combination with 5-FU and leucovorin. High-dose 
zidovudine added no obvious toxicity to the basic che- 
motherapeutic treatment with 5-FU and leucovorin but 
exerted a biologic effect that was manifested by a dose- 
dependent increase in DNA strand breaks in peripheral 
blood cells. At the highest doses tested, the clearance of 
zidovudine appears to change, resulting in a dispropor- 
tionate increase in plasma zidovudine in relation to the 
escalation in the dose of zidovudine given. 12 Nonethe- 
less, to increase zidovudine plasma levels to those 
found to be effective in murine models (500-1000 urn), 
substantially higher doses of zidovudine would have to 
be given. As a result of these observations, this Phase I 
study of continuous-infusion zidovudine therapy was 
terminated despite a maximally tolerated dose not be- 
ing achieved. 

Previous studies have demonstrated that inhibition 
of pyrimidine metabolism can enhance zidovudine anti- 
neoplastic effects in vitro and in vivo. 1,5,13 Synergistic 
inhibition of tumor growth was observed in \eno- 
grafted human colon tumors in nude mice treated with 
weekly intraperitoneal 5-FU and zidovudine, compared 
with treatment with 5-FU or zidovudine alone. 1 This 
effect occurred only when 5-FU preceded zidovudine 
therapy. Despite impressive antitumor effects, there 
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was no additive effect on toxicity. The mechanisms that 
account for synergistic antitumor and tissue-sparing ef- 
fects are being investigated by several groups. 

Weber et al. 314 have presented evidence that sug- 
gests that zidovudine-related cytotoxicity in human tu- 
mor cells is a reflection of the ability of zidovudine to 
competitively inhibit TK. When de novo dTMP synthe- 
sis is inhibited with an agent such as 5-FU, the com- 
bined effect of these agents is to significantly inhibit 
dTMP synthesis, leading to cell death. In contrast, bio- 
chemical studies from our group indicate that the de- 
gree to which zidovudine is incorporated into DNA is 
associated with cytotoxicity. 5 * 9 Presumably in the pres- 
ence of TS inhibition, intracellular pools of dTTP are 
reduced, but AZTTP pools are unaffected. Our studies 
indicate that this imbalance leads to increased incorpo- 
ration of AZTTP into tumor cell DNA. 9 Indeed, in vivo 
experiments have demonstrated a preferential incorpo- 
ration of zidovudine in tumor as opposed to normal 
murine tissues in the presence of 5-FU. 1 ' 5 Once it is 
incorporated into DNA, zidovudine induces chromo- 
somal strand breaks and chain termination. The incor- 
poration of zidovudine into DNA directly correlates 
with in vitro cytotoxicity. 9 

Other manipulations that increase zidovudine me- 
tabolism and incorporation into DNA include biochemi- 
cal modulation of dTMP synthesis at other sites, for 
example by methotrexate and other inhibitors of dihy- 
drofolate reductase, or increased requirements for 
dTMP induced by agents such as cisplatin. 2 ' 13 As would 
be predicted, substantial synergistic antitumor effects 
have been shown for methotrexate in murine mod- 
els. 13 * 14 Scanlon and colleagues 2,15 showed that zidovu- 
dine can circumvent cisplatin resistance in an ovarian 
carcinoma cell line and methotrexate resistance in a hu- 
man leukemia cell line. Thus, it appears from a variety 
of studies that zidovudine can provide a means of abro- 
gating resistance to specific agents that alter pyrimidine 
metabolism. Other more theoretical applications in- 
clude combination with agents that enhance TK expres- 
sion or reduce TS activity. These effects occur with in- 
terferons and some growth factors. 16 Synergistic antitu- 
mor effects of gamma-interferon and 5-FU, for 
example, have been related to the down regulation of a 
compensatory increase in TS after 5-FU administra- 
tion. 16 

Because antitumor effects are difficult to assess in 
this study design and because preclinical models sug- 
gest that no additional toxicity with zidovudine could 
be expected, DNA strand breaks occurring in PBC in 
vivo were used to assess biologic activity. PBC strand 
breaks have been investigated for cisplatin-induced ad- 
ducts and after treatment with 2-chlorodeoxyadeno- 
sine, agents in which response can be correlated with 



DNA damage. 1718 The DNA strand break data in this 
study support the assertion that zidovudine in combina- 
tion with TS blockade by 5-FU induces a dose-depen- 
dent biologic effect in humans. However, these mea- 
surements serve only as a surrogate for dose effects in 
the absence of toxicity. 

Plasma zidovudine concentrations in the patients 
studied suggest that zidovudine dosages exceeding 15 
g/M 2 /day result in reduced zidovudine clearance. Stud- 
ies of lower doses of zidovudine show it is metabolized 
in vivo to an ether glucuronide, with approximately 
75% and 60% of an oral or IV dose, respectively, ex- 
creted as the conjugate in urine. 19-21 In previous studies 
with high-dose (1-9 g/M 2 /day) oral therapy, increas- 
ing oral doses did not result in appreciably higher 
serum concentrations. 8 This may reflect saturation of 
facilitated drug transport across intestinal membranes, 
which has been shown in animals for several other nu- 
cleosides and has-been noted in humans with zidovu- 
dine at lower doses. 22,23 Zidovudine also undergoes sig- 
nificant presystemic (i.e., first-pass) metabolism, thus 
additionally reducing the amount of drug reaching the 
peripheral circulation. 17 " 19 These data and the current 
observations confirm the high interpatient variability in 
pharmacokinetic properties of zidovudine. These data 
also suggest that incrementally smaller dosages of zido- 
vudine greater than 20 g/M 2 /day will result in signifi- 
cantly larger .changers in steady -state zidovudine con- 
centrations; thus, it is difficult to forecast the dose re- 
quired to achieve concentrations comparable to those 
observed in the murine model. In addition, limitations 
in drug administration limit administration of higher 
intravenous doses. Plasma zidovudine concentration 
monitoring and adaptive control of infusion rate may 
be helpful in achieving target exposure levels. 

Because in preclinical murine models bolus intra- 
peritoneal zidovudine achieves plasma levels of 500- 
1000 ^m, substantially greater than the in vivo levels 
achieved in this study, the failure to observe toxicity or 
antitumor effects may be explained by the relatively 
lower plasma zidovudine levels achieved. 1 Higher 
plasma levels than those achieved by a continuous in- 
fusion may be achieved by administration of a rapid 
infusion. The pharmacokinetic evaluation of 48-hour 
continuous-infusion zidovudine therapy suggests that 
this is an impractical method of administration with 
5-FU. The theoretical application of zidovudine as a 
selective and potentially nontoxic means of circum- 
venting resistance to 5-FU and other agents that perturb 
pyrimidine metabolism lend substantial impetus to the 
exploration of other modes of administration or combi- 
nations. This study highlights the effects of pharmacoki- 
netics and surrogate markers on the performance of 
clinical trials. 
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In conclusion, LED has clinical activ- 
ity against human breast cancer and 
appears to be less cardiotoxic than the 
free drug. These data present numerous 
avenues for further investigation. 
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A phase I clinical, pharmacologic, and 
biochemical evaluation of escalating 
oral zidovudine (AZT) given over 2 days 
with a fixed dose of continuous-infusion 
fluorouradl (800 mg/m 2 per day X 3 
days) and oral leucovorin calcium was 
performed. Eighteen patients were 
treated with doses of AZT ranging from 
1.0 to 9.0 g/m 2 per day. Nausea and 
vomiting were dose limiting, with a 
maximally tolerated dose of 7.5 g/m 2 
per day. Rash and mucositis occurred 
but were not dose limiting. A dose- 
related increase in peak plasma levels of 
AZT was observed, and the alpha half- 
life of AZT in plasma (75 min) was 
unaffected by these high doses. At doses 
above 4.0 g/m 2 per day, trough levels 
significantly increased, perhaps reflect- 
ing prolonged absorption from the gut. 
No responses were observed; however, a 
significant increase in DNA single- 
strand breaks was observed in periph- 
eral blood cells after a threshold dose of 
4.0 g/m 2 per day, confirming a biological 
effect of AZT in this regimen. Further 
trials with an intravenous formulation 
capable of maintaining plasma levels 
and circumventing dose-limiting tox- 
icity are warranted. (J Natl Cancer Inst 
82:1710-1714, 1990] 

Fluorouracil (5-FU) is the most active 
single agent in the treatment of colorec- 
tal carcinoma and has reproducible ac- 
tivity in other solid tumors as well. The 
limited effectiveness of 5-FU, however, 
has encouraged the development of 
strategies to modulate and enhance the 
antitumor activity of this and related 
agents (12). Recent efforts have focused 
on biochemically modulating 5-FU in- 



hibition of thymidylate synthase *by 
means of the addition of reduced folates 
(J). Increasing thymidylate synthase^ 
hibition, and thus restricting thynudy! 
late (dTMP) available for DNA synJ 
thesis, has led to small increases in 
clinical response rates and survival in 
patients with resistant tumors (4). ■ tifj 

An alternative approach to the bi<£ 
chemical modulation of 5-FU would be 
to exploit differences between normaf 
and neoplastic cells in their abiUty^tp 
salvage pyrimidine nucleosides. Human 
tumors have a greater capacity to salvage 
thymidine by means of thymidine kinase 
(TK) than do normal tissues (5,6). In 
addition, unlike normal cells, tumor 
cells appear to be unable to actively 
transport pyrimidine nucleosides from 
plasma, leading to relatively low intra- 
cellular thymidine levels ( 7,8). The com- 
bination of 5-FU and leucovorin cal- 
cium administration to inhibit de novo 
dTMP synthesis with the use of an 
antitumor agent activated through TK 
might be expected to have enhanced 
antineoplastic effects. Biochemical 
studies in our laboratory indicate that 
zidovudine (AZT), a thymidine ana- 
logue that is salvaged in a manner 
analogous to that of thymidine and then 
incorporated into viral DNA by reverse 
transcriptase during retroviral RNA- 
mediated DNA formation, is such an 
agent (9-77). 

We have recently reported that AZT 
has synergistic antineoplastic effects 
when used in combination with 5-FU in 
several human tumor cell lines and 
human tumor xenografts in athymic 
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nude mice (9-11), Importantly, the in 
vivo synergism has been obtained with- 
out increasing toxicity over that of 5-FU 
alone. Biochemical studies reveal that 
this enhanced antineoplastic effect is 
accomplished through increased incor- 
poration of AZT into DNA in the 
presence of 5-FU (11). AZT does not 
appear to affect the metabolism or activ- 
ity of 5-FU (9). 

In this report, we describe a phase I 
clinical, pharmacologic, and biochemi- 
cal evaluation of increasing oral AZT 
(1.0-9.0 g/m 2 per day) in combination 
with a fixed dose of continuous-infusion 
5-FU and oral leucovorin used to bio- 
chemically modulate the antineoplastic 
activity of AZT. Dose-limiting toxicity 
was nausea and vomiting. Rash and 
mucositis occurred, and mucositis in- 
creased with increasing dose but .was not 
dose limiting. A dose-dependent in- 
crease in peak and trough plasma levels 
of AZT was observed; however, dose- 
limiting nausea and vomiting at the 
highest doses administered appeared to 
affect these levels. A significant increase 
in DNA strand breaks was observed in 
peripheral blood cells, possibly after a 
threshold trough plasma AZT level 
(10 \iM) was achieved, confirming a 
biological effect of AZT in this regimen. 

Patients and Methods 

Patient Selection, Treatment, 
and Evaluation 

Criteria for acceptance into treatment 
were the following: histologically docu- 
mented malignancy with no standard 
alternative therapy; passage; of at least 4 
weeks since, and resolution of effects 
from, the last therapy; disease clinically 
or radiographically assessable; reason- 
able renal (creatinine *£l.6 mg/dL) and 
hepatic function (liver enzymes *£10 
times normal); an expected survival of 8 
weeks or more; an Eastern Cooperative 
Oncology Group (ECOG) performance 
status less than or equal to 3; and a signed 
consent for the experimental treatment 
approved by the Institutional Review 
Board. Within 2 weeks prior to therapy, 
patients were required to have an assess- 
ment of measurable or assessable dis- 
ease and baseline laboratory tests. Intra- 
abdominal disease and liver metastases 
were measured by computed tomog- 
raphic scans; bone metastases were as- 
sessed by radiographs and bone scans 
and were considered to constitute assess- 
able disease. 



Patients were admitted to the hospital 
for treatment and received oral leuko- 
vorin (50 mg) 2 hours before and every 4 
hours during continuous infusion of 
5-FU, 5-FU was given at a dose of 800 
mg/m per day as a continuous infusion 
for 72 hours (3 days). The daily dose of 
the 5-FU was formulated in 1 L of 5% 
dextrose in water and infused over 24 
hours. This regimen of 5-FU has been 
found to result in a 10%-20% incidence 
of grade 1 mucositis in patients. Twenty- 
four hours after starting infusion of 
5-FU, patients began taking oral AZT, 
which was provided as commercially 
available 100-mg capsules (Retrovir; 
Burroughs Wellcome, Research Triangle 
Park, NC). One sixth of the daily dose of 
AZT was given every 4 hours as capsules 
or dissolved in orange juice. Patients 
received _AZT with 5-FU for 48 hours. 
5-FU infusion was completed after a 
total of 72 hours of continuous infusion; 
however, patients received an additional 
dose of AZT and leucovorin 4 hours 
later. Five patients were planned for each 
level, and patients completing a cycle 
could be escalated to the next test level. 
Additional cycles were planned at the 
maximally tolerated dose level. Treat- 
ment was re-initiated each 28 days unless 
altered by drug-induced toxicity. 

Serial physical examinations, radio- 
graphs, and serum markers were used to 
evaluate responses in all eligible patients 
after the start of the second cycle of 
therapy. Standard ECOG criteria were 
used to evaluate responses, response 
duration, and toxicity (12), 

Plasma-Drug Pharmacokinetics and 
Analysis of DNA Strand Breaks 

Blood samples were collected from 
study patients with heparin or edetic 
acid (EDTA) for determination of 
plasma AZT levels or evaluation of 
DNA strand breaks, respectively. Blood 
was collected immediately prior to and 
24, 48, and 72 hours after the start of 
5-FU infusion as well as prior to and 
every hour after the last dose of oral 
AZT for 4 hours. AZT levels were 
determined by high-pressure liquid- 
chromatography analysis of plasma sep- 
arated from cells and processed as previ- 
ously described (75). DNA single-strand 
breaks in peripheral blood-nucleated 
cells were monitored prior to and at the 
end of administration of oral AZT using 
the fluorescent analysis of DNA unwind- • 
ing modified for whole-blood cellular 
populations by collection in EDTA and 
lysis of red blood cells without further 



separation of cells (14,15). A normal 
volunteer was used to establish the nega- 
tive control for the strand-break analysis, 
and the results were expressed as a 
percentage of normal DNA in the test 
sample compared with 100% for the 
normal negative control. 

Results 

Clinical Results 

Eighteen patients were entered into 
this clinical trial. As shown in table 1, the 
tumors in these patients represented a 
wide spectrum of advanced solid tumors 
dominated by colorectal and lung carci- 
nomas. The majority of patients (72%) 
had received 5-FU as part of previous 
therapeutic regimens. AZT therapy was 
initiated at 1.0 g/m 2 per day and esca- 
lated in 0.5- to 1.5-g/m 2 -per-day incre- 
ments as planned. Five patients were 
entered at each level, with few excep- 
tions. One patient did not receive ther- 
apy with 2.0 g/m 2 per day due to a 
malignancy-associated complication. 
Nine patients were treated with the 
maximally tolerated dose, 7.5 g/m 2 per 
day. Three patients were treated with the 
next highest dose, 9,0 g/m 2 per day. 

Of importance is that no leukopenia 
or thrombocytopenia was encountered. 
As can be seen in table 2, toxic effects 
were limited to mucositis, rash, and 
nausea and vomiting. Nausea and vom- 
iting of 3-4 days' duration were dose 
limiting despite aggressive therapy with 



Table 1. Patient characteristics* 



No. of patients entered 
Sex 

Male 

Female 

Median 
^ Range 

Prior chemotherapy 
Prior 5-FU 
Performance status 

Median 

Range 
Tumor site or type 

Colon 

Lung 

Breast 

Melanoma 

Pancreas 

Esophagus 

Head and neck 
Total cycles 

Mean per patient 

Median per patient 

Range 



18 

9 
9 

59 
39-79 
18 
13 

1 

0- 3 

6 
4 
3 
2 
1 
1 
1 

50 
2.8 

1- 8 



♦Unless otherwise specified, values = No, of 
patients. 
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Table 2. Toxicity of therapy 



Toxicityt ^ 



AZT dose 
level (g) 


Patients* 




Mucositis 






Rash 






Nausea and vomitine 


| 
1 




J 


1 
1 


L 


1 
J 


I 


2 . r 


i n 








o 

V 


o 


1 
i 




l 
i 




I. J 








(\ 

V 


n 


n 

u 




n 

V 


A 

yj » 


2.0 


4(2) 


2 


0 


1 


0 


1 


0 


2 


0 


3.0 


5(1) 


2 


ft 

0 


0 


0 


0 


0 


2 




4.0 


5(1) 


3 


0 


0 


0 


0 


0 


0 


0 


5.0 


5(2) 


1 


3 


0 


0 


0 


2 


0 


3 


6.0 


5(2) 


2 


2 


0 


1 


0 


0 


1 


0 


7.5 


9(3) 


6 


0 


0 


0 


2 


0 


2 


1 


7-5* 


4 


1 


1 


1 


2 


0 


0 


1 


0 


9.0 


3 


1 


2 


0 


I 


1 


0 


0 


0 



•Patients entered (new patients). 
tECOG grades 1-3. 

t Represents a second treatment in patients having no toxic effects. 



intravenous anti-emetics. Four of nine 
patients experienced intractable nausea 
and vomiting at 7. 5 g/m 2 per day of AZT 
on either the first (three of nine) or a 
subsequent (one of four) treatment at 
this dose. Two of three patients who 
tolerated 7.5 g/m 2 per day and were 
subsequently treated at 9.0 g/m 2 per day 
developed intractable vomiting at the 
higher dose. Occasional mucositis oc- 
curred at all dose levels. As the maxi- 
mum tolerable oral dose was ap- 
proached, mucositis increased in 
frequency and appeared in patients who 
had tolerated lower doses of AZT with- 
out this toxicity. It is noteworthy that two 
of three patients treated at 9.0 g/m 2 per 
day, without previous mucositis at the 
next lower dose, developed grade 1 or 2 
mucositis. Mucositis began on day 3 or 4 
of treatment and resolved by days 11-14. 
Rashes appeared as desquamative or 
erythematous skin eruptions and oc- 
curred more frequently in previously 
irradiated skin. There was no dose de- 
pendency for the development of rashes. 
One patient developed extensive peeling 
of the hands at 7.5 g/m 2 per day similar 
to the hand-foot syndrome seen with 
prolonged 5-FU infiisions. No patients 
developed nephrotoxicity, neurotoxicity, 
or hepatobiliary abnormalities as a re- 
sult of therapy. Two patients experienced 
serious urosepsis associated with nep- 
hrostomy tubes previously placed for 
malignant ureteral obstruction. 

No patient treated at the doses em- 
ployed in this trial showed evidence of a 
response. In one patient with previously 
treated colorectal carcinoma, a lung 
metastasis showed over 50% regression, 
although hepatic metastases progressed. 



Pharmacokinetics of High-Dose 
Oral AZT 

Pharmacokinetic studies demon- 
strated a predictable, dose-dependent 
increase in the peak plasma levels of 
AZT to 26 ± 9 \iM at 5.0 g/m 2 per day. 
As shown in figure 1, however, above this 
dose, absorption of AZT appeared to be 
erratic. Trough levels also increased but 
appeared to undergo a stepwise change 
that may have been related to prolonged 
and delayed absorption from the gut at 
doses at or above 5.0 g/m 2 per day. The 
plasma clearance of AZT at 7.5 g/m 2 per 
day appeared to be biphasic, perhaps 
reflecting this prolonged absorption 
from the gut and subsequent plasma 
elimination. The alpha plasma half-life 
at this dose level, as shown in the inset to 
figure 1, was 75 minutes and was not 
significantly different from that reported 
in the literature for much lower oral 
doses. 

DNA Strand Breaks 

The frequency of DNA single-strand 



breaks |n peripheral blood cells ws 
evaluated as a measure of the biologi 
impact of AZT. Because the predicte 
cellular effect of AZT in this combine 
tion would be termination of DN/ 
chain elongation secondary to AZ 
incorporation into replicating DNA, ^ 
hypothesized that strand breaks woul 
occur. A sample was obtained prior t 
administration of AZT and was used z 
an internal control for each patient. Th 
results, expressed as the percentage c 
double-stranded DNA based on a 100 c 
sample obtained from cells from a noi 
mal volunteer, are shown in figure 1 
DNA strand breaks were not observed £ 
low doses of AZT. These data wer 
combined and demonstrate that 5-Fl 
alone could not be responsible for th 
DNA strand breaks observed after AZ 
treatment at the higher dose levels. A 
AZT doses greater than or equal to 4. 
g/m 2 per day, a marked and significar 
increase in strand breaks occurred. I 
was not possible to demonstrate a dose 
dependent increase in strand break 



Figure 1. Peak and trough 
plasma levels of AZT. 
Samples were drawn at se- 
lected times, and AZT 
content was determined by 
high-pressure liquid-chro- 
matograpby methods, as 
described in the text Each 
point represents mean and 
SE of three to six deter- 
minations. Inset shows 
plasma clearance of AZT 
following peak plasma 
levels achieved after the 
last maximally tolerated 
oral dose of 7.5 g/m 2 . 
Points represent mean and 
SEs in six patients. 
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Figure 2. Percentage of double-stranded DNA ob- 
served in peripheral blood cells of the patients treated 
at each dose of AZT. Bar graphs represent means and 
SDs. Strand breaks in patients prior to starting AZT 
(PRE AZT) and during the last 24 hr of AZT 
administration (AZT TREATED) were compared 
with those in normal volunteers (100% double- 
stranded DNA). Data from 6 patients were averaged at 
1-3 g/m 2 per day of AZT; subsequently, each bar 
graph represents data from 3-4 patients tested at each 
dosage level. At 4.0 g/m 2 per day of AZT and higher 
dosesJOO percentof patients test ed developed strand 
breaks. Several patients were sampled below 4:0 g/m 2 
per day of AZT as well as at or above this dose. 



above that seen at the threshold level 
with the doses of AZT employed in this 
trial. 

Discussion 

In this report, we present the clinical, 
pharmacologic, and biochemical results 
of a phase I study of the novel chemo- 
therapy combination of fixed-dose oral 
leucovorin and continuous-infusion 
5-FU with escalating, high-dose, oral 
AZT. The notion that AZT can be an 
effective antineoplastic agent when used 
with drugs that alter pyrimidine metab- 
olism is based on the exploitable differ- 
ences between normal and neoplastic 
cells in their capacity to salvage thy- 
midine and on the predicted metabolism 
of AZT (9J6J7). AZT has little intrinsic 
antineoplastic effect, since it is a poor 
substrate for mammalian DNA poly- 
merase and must compete with thy- 
midine for phosphorylation by TK (77). 
In the presence of agents that inhibit de 
novo dTMP production, it could be 
expected that AZT would effectively 
compete for phosphorylation by TKand 
be increasingly incorporated into DNA, 
causing premature chain termination 
(72,75). Moreover, observed differences 
in thymidine metabolism between 
tumor cells and normal tissues indicate 
that tumor cells can salvage thymidine 
more efficiently, although they cannot 
concentrate it from extracellular sources 
(5,8). The summation of these differ- 
ences, combined with the potential in- 



creased specific activation of AZT under 
conditions of inhibition of de novo 
dTMP synthesis, leads to the hypothesis 
that high plasma levels of AZT, in 
combination with inhibitors of thymidy- 
late synthase such as 5-FU, would have 
synergistic antitumor activity (9-77). 

In vitro and in vivo trials that support 
this hypothesis have been performed. 
The in vitro combination of AZT and 
5-FU exerts synergistic cytotoxicity 
against human tumor cell lines, in con- 
trast to the effects seen with either agent 
alone. In studies of xenografted human 
tumors growing in nude mice, the com- 
bination of AZT and 5-FU also has 
produced substantial increases in anti- 
tumor effects, with marginal increases in 
myelotoxicity (9). Biochemical studies 
in mice have confirmed a relatively high 
degree of tumor .tissue-specific toxicity 
compared with that of normal tissues 
(9,70). In addition to inhibiting thymidy- 
late synthase as a means of increasing 
AZT antitumor effects, agents that in- 
crease thymidine requirements would 
also be expected to increase AZT effi- 
cacy. Support for this latter hypothesis 
was recently experimentally demon- 
strated in an in vitro model using cis- 
platin-induced DNA repair to increase 
thymidine requirements in the presence 
of AZT. Synergistic cytotoxicity was also 
observed in this model (75). 

AZT, as used in human trials for 
human immunodeficiency virus 
(HIV-1), has shown little acute toxicity. 
Chronic anemia, megaloblastic marrow 
changes, leukopenia, muscle weakness, 
and nausea and vomiting have been 
observed. Oral absorption of the drug is 
excellent, with 50%-60% of the ingested 
dose absorbed and bioavailable (77). In 
the present trial, oral, high-dose AZT 
has been associated with significant and 
dose-limiting nausea and vomiting. Al- 
though this may have been a centrally 
mediated effect of the drug, it is possible 
that this is a local effect related to AZT 
concentration in the gut or mechanical 
factors associated with the large number 
of pills ingested. These later problems 
can be circumvented by employing in- 
travenous AZT. 

AZT induces DNA strand breaks in 
human colon tumor cell lines, and the 
degree of strand breakage correlates 
directly with in vitro cytotoxicity. Strand 
breaks are not observed with 5-FU but 
are enhanced by the combination of 
5-FU and AZT and correlate directly 
with the synergistic cytotoxicity of the 



combination. Similar results have been 
observed in xenografted human tumors 
in nude mice. These results suggest that 
DNA strand breaks might serve as a 
marker of biologic effects of AZT in the 
presence of 5-FU (70,77). As AZT 
plasma levels in patients increased with 
increasing dose, peripheral blood cells 
developed DNA strand breaks at a 
threshold level of 4.0 g/m 2 per day. Peak 
and trough plasma concentrations at 
this level were 15 and 3 \iM, respectively. 
This phenomenon is directly attributa- 
ble to the increased AZT plasma levels 
and not to 5-FU or leucovorin, since it 
was not present at lower AZT doses in 
the presence of identical leucovorin and 
5-FU therapy. 

No further dose-dependent increase 
in strand breaks was observed. This 
result may reflect the observed lack of 
significant, dose-related increases in 
trough plasma levels above 10 |xAf. Al- 
ternatively, this result may be partly 
explained by the presence in the periph- 
eral circulation of a small population of 
cells with a brief turnover time, such as 
short-lived polymorphonuclear cells, 
which might have suffered maximal 
DNA damage at the 4 g/m 2 -per-day 
dose during the restricted sampling pe- 
riod. In addition, a third parameter, 
related to DNA-repair capacity, may be 
present. This latter mechanism is sup- 
ported by the lack of myelotoxicity seen 
in the patients. The extent of strand 
breaks in stem cell populations may be 
insufficient to overwhelm such DNA- 
repair mechanisms in cycling cells but 
may have been evident in the more 
differentiated, short-lived, nonreplicat- 
ing peripheral blood cells. The failure to 
induce strand breaks may be overcome 
by sustained high plasma drug levels 
such as those obtained in murine models 
(9-77). 

We conclude from this trial that oral 
AZT in combination with 5-FU and 
leucovorin can be given safely at 7.5 g/m 2 
per day. At this dose, a biologic effect 
attributable to AZT is clearly evident. 
Although no tumor responses were seen 
in this small, heavily pretreated popula- 
tion, this study has demonstrated the 
feasibility and potential biologic effects 
of this combination. Further trials with 
intravenous AZT to achieve higher sus- 
tained plasma levels and circumvent the 
oral dose-limiting toxicity of nausea and 
vomiting are warranted. 
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Introduction 

The functional importance of the ends of chromosomes, 
telomeres, as major regulators of the cell's life and ultimate 
death was established many years ago (Blackburn, 1991). In 
human celts at birth, telomeres consist of -15 kb of repeated 
TTAGGG DNA sequence of which ~100 bp is lost at every 
cell division due to the 'end-replication' problem. Eventually, 
if unchecked, progressive telomere erosion leads to cellular 
senescence. It is now clear that gerxnline cells, proliferative 
stem cells and, significantly, most tumour cells maintain 
telomeres through activation of the enzyme telomerase, a 
ribonucleoprotein reverse transcriptase (Kim et al % 1994). 
These findings were very quickly incorporated into theories 
of cellular immortalization, and undoubtedly have been the 
basis of the subsequent widely held view of telomerase as 
a highly selective anti-cancer target The key linkage with 
tumorigenesis has been confirmed by a very large number of 
studies subsequent to the original ones (Kim et at, 1994) 
which confirmed that 80-90% of a wide variety of human 
tumours show elevated levels of telomerase expression, spec- 
ifically of the hTERT catalytic subunit, whereas telomerase 
is not detectable in normal somatic cells. Furthermore, 
clinical-laboratory translational studies have shown a 
correlation between high telomerase activity in tumours 
[eg. neuroblastoma (Hiyama et al t 1995) and breast cancer 
(Clark et aL 9 1997)] and poor outcome (survival). Notably, 
early-stage neuroblastomas possess low telomerase activity 
whereas late-stage disease has higher levels. However, the 
precise role of telomerase in tumorigenesis has excited con- 
tinuing controversy, as in turn has its validity as an anti- 
tumour target. We believe that the weight of evidence is now 
firmly indicative of telomerase being a key player in cellular 
proliferation and the initial events leading to malignancy, 
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rather than being merely a bystander. Thus telomere length is 
seen to be an essential (though not necessarily the sole) signal 
for the unrestricted proliferation of immortalized cells. This 
view has led to a rapid increase in interest in telomerase as a 
potential anti-cancer target (Hamilton and Corey, 1996; 
Raymond et aL 9 1996; Sharma et at, 1997; Pitts and Corey, 
1999). The various papers in this special issue of Anti-Cancer 
Drug Design reflect this recent upsurge in activity. 

The cell and molecular biology of telomerase continues to 
increase in complexity. It was initially reported that even 
though there was a decline in telomere length in telomerase 
RNA-knockout mice, the mice did not appear to show any 
significant adverse effects over the first six generations 
(Blasco et al t 1997). Furthermore, these telomerase-negative 
primary mouse cells could be immortalized, transformed by 
viral oncogenes, and were then tumorigenic in mice, sug- 
gesting that telomerase was not playing an essential role 
in the early stages of tumorigenesis. Subsequent studies on' 
later generations of these mice, however, showed a variety of 
defects especially in highly proliferative organs (Lee et al f 
1998), which have resulted in a reappraisal of the role of 
telomerase and an affirmation that it is essential for cellular 
proliferation (Niida et cL % 1998). It is likely that the initial 
study did not take sufficient account of the very extended 
length of murine telomeres (30-40 kb) and the consequent 
need to examine later generations of the mice, as was sub- 
sequently done, 

A variety of experimental approaches-have more recently 
all confirmed the role of telomerase. Thus, normal human 
cells (retinal pigment epithelial cells and skin fibroblasts), 
have been transfected with the telomerase catalytic subunit 
gene, hTERT> with a resulting increase in life-span, telomere 
elongation and reduced senesecence, in striking contrast , to 
telomerase-n gative control cells,- which showed telomere 
shortening and entry into a senescent state {Bodriaref al? 
1998). Experiments with cells expressing hTERT dairying**- 
mutant C-terminus has shown that these do not -become * 
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immortalized and do not maintain telomere length, in 
contrast to cells expressing the wild-type gene (Counter et 
fli, 1998). Additional recent studies showed that, when a 
dominant-negative form of hTERT was introduced into 
various tumour cells, this resulted in complete inhibition 
of telomerase activity, reduction in telomere length, death 
of the cells and, moreover, prevented tumour formation in 
mice (R. Weinberg, personal communication). The rate of 
cellular arrest in each cell type was dependent upon initial 
telomere length. Very recent studies with mice doubly null 
with telomerase RNA and the tumour suppressor gene 
INK4a have broadly confirmed these findings, and have 
shown that loss of telomere function leads to impairment of 
-tumour formation (Greenbergef 1999). 

There is increasing evidence that telomerase activation by 
itself is insufficient for immortalization, and that companion 
events such as inactivation of the retinoblastoma tumour 
suppressor pathway (Kiyono et aL % 1998) are required. 
Telomerase expression is directly up-regulated by the E6 viral 
(Greider, 1999) and c-MYC (J. Wang et aL t 1998; Greenberg 
et aL t 1999; Wu et c£, 1999) oncoproteins. Observations of 
telomerase expression not producing net telomere length- 
ening yet still resulting in extended cellular lifespan (Ouellette 
etaL 9 1999;Zhuer tfJL, 1999) are actually representative of the 
situation "in human tumours, since the presence of activated 
telomerase might be expected to result in increased telomere 
length compared with those in somatic cells. The fact that 
tumour telomeres are shortened yet with stabilized lengths 
(typically 2-7 kb) strongly suggests the importance of 
regulatory mechanisms, perhaps involving telomerase auto- 
regulatihg itself via capping telomere ends, thereby enabling 
proliferation to continue even when telomeres are short (Zhu 
et al 9 1999). The roles of telomere-binding proteins such 
as TRF1 and the recently discovered tankymse (Smith et oi, 
1998) and TRF2 (BCarlseder et aL> 1999) in these regulatory 
processes remain to be fully elucidated, although if shown to 
be acting in a true regulatory manner they could also be 
prime targets for potential therapeutic intervention. Indeed, 
in telomeres lacking TRF2, it has recently been shown that, in 
some cell types, p53- and ATM kinase-dependent apoptosis 
results rather than senescence (Karlseder et cL 9 1999). A 
further complication is provided by increasing evidence for 
the existence of telomerase repressor sequences on chromo- 
some 3p (Cuthbert et al t 1999). Transfer of chromosome 
3 into a human breast carcinoma cell line resulted in strong 
repression of telomerase and subsequent permanent growth 
arrest after 10-18 population d ublings. 
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anticancer target. Commonly mentioned issues are (i) the 
possible requirement for prolonged inhibition in order to 
reduce telomeres to critical lengths. This would necessitate 
long-term clinical application after removal of the bulk of 
the tumour by surgery or cytotoxic chemotherapy, or use in a 
chemopreventative setting; (H) the possibility of normal 
tissue toxicity in stem (T and B) and germ cells where 
telomerase is expressed; and (tii) the possible occurrence of 
drug resistance as some tumour cells have been shown to 
maintain telomeres by an alternative mechanism (Bryan et 
aL $ 1997). However, there are also experimental data which 
provide counterarguments to each of the above; for ex- 
ample, rapid induction of apoptosis or loss of viability with 
dominant-negative hTERT or by targeting TRF2; telomere 
lengths in rapidly dividing tumour maybe criticany.short 
compared with slower-dividing normal cells. These issues 
remain speculative until such time that potent and selective 
inhibitors are discovered and thoroughly evaluated. 

The characterization of the principal components of the 
enzyme as (i) the catalytic subunit hTERT with reverse 
transcriptase activity (Meyerson et at, 1997); and (ii) * n 
endogeneous RNA subunit containing the 11-base template 
sequence (nucleotides 46-56) on which telomeres are 
synthesized, hTR (Feng et aL> 1995) [for a recent review of 
telomerase structure and mechanism see O'Reilly et al 
(O'Reilly et al % 1999)1, has clarified the various possib^ 
options for inhibiting the key steps involved in telomere 
synthesis. A summary of various possible strategies is shown 
in Figure 1. Broadly, three options have been explored to 
date; active site small molecule inhibitors, oligonucleotides 
targeted against hTR or hTERT and telomere-diiected 
agents, primarily directed at guanine (G)-quadruplex 
structures 

Telomerase inhibitors should reduce telomerase activity in 
cell extracts, ideally at submicromolar concentrati ns. Evalu- 
ation of activity has mostly been performed by procedures 
based on the highly sensitive PCR-based telomerase repeat 
amplification protocol (TRAP) assay. Direct* assays using 

InlcmtlcDbetwteabTHtT hTERT active site 
or hTR tod other protdat- 

^hTERT 

— TTAGG<n7AGGGTTAGGGmG<K3TTAGGGTTAQ 
-AATCCCAATCCC / CAAUOOCAAUC 

*— hTR— ► 



/ 



Btoegttron productfO quadruple* 



RHA. template 



Approaches to telomerase Inhibition 

In spite of the strong association between telomerase expres- 
sion and the malignant phenotype, the emerging cellular 
biological pr perties of telomeres and telomerase as outlined 
above have caused some to question their validity as an 



+ ottgo&ueleotides/peptiie m>c!dc icUs to hTERT or bTR 

Figure 1 

Strategies (or Inhibition of telomerase. 
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large amounts of partially purified enzyme have not been as 
widely used. These are traditionally tinw-coiisnmmg, much 
^ ISe than ampUfication-based methods and tend to 
^etss reproducible results than the TRAP method^ 
variant using a sensitive chemiluminescent acndine ester 
oSo^teotL probe is claimed to be rapid and accurate 
^.eventhonghitisS^ordersof magmtudeles 
^ than the PCR-based methods. A recently developed 
bead-based direct assay using biotinylated prhner (Sun et aL, 
1998;RaymondrfflJ:,1999)hashiBhsensitiv,ty. 

The dassic model for telomere attrition stipulates that 
after^O rounds of cell doubling, cells will have cntcally 
short telomeres and will then enter the crisis state of non- 
frSiion, senescence. This was confirmed by initial 
^Experiments directed at hTR in HeU «*. wh« 
cells lost telomeric DNA and began to die after 25-26 
(Feng et aL, 1995). 

validate the^odel. » *P^^hWta 
inhibitors require measurements of telomere ««gthbefore 
and following exposure in addition to determuung telomer- 
a~ activity. ThTmodel predicts that long-term exposure of 
Lour «lls to telomerase inhibitors (at 
which do not cause acute cytotoxicity) should induce 
shortening and growth arrestee rate bevng 
dependent upon initial telomere length. Chenncall, 
molecules which do not inhibit the enzyme n cell-free 
exacts should not cause decreased cell proliferation or 

toe onset of cellular senescence is necessary. Judgements toe 
been made based on cellular morphological changed 
on the expression of senescence-associated B-galactosidase 
OC WanB* aL, 1998). Telomere length estimation by means 
KXnce in 1 hybridization (QFISH) has been 
successful in demonstrating length reduction in melanoma 
S5)andbreastcancer(MCF-7)«nime,(Multad^, 
1998 ). using AZT for telomerase inhibition. Irreversible 
elomere shortening has also been demonstrated in HeU 
Slfs using Southern blotting, following AZT treatment 
(Gomez etaL, 1998). 



Telomerase as an anticancer ttrjgpt- 

that systematic screening of compound libraries has already 
resulted in such a compound being discovered. Screening of 
a 125 000 comp und library using a time-resolved fluor- 
escence assay to detect PCR-amplified telomerase products 
has resulted in the identification f three isotbiazolone 
compounds with JC* values in the 130-140 nM range (Bare */ 
aL 1998), which may function by modifying cysteine residues 
at or close to the active site. Rational design of active-site 
telomerase inhibitors will have to await a high-resolutton 
crystal-structure analysis of the catalytic domain, which is 
probably some way in the future. There are reports of 
telomeraseinhibition by small molecules which do not appear 
to fit into any of the other categories discussed here [fox 
example, that by catechins from tea (Naasani et at, 1998), 
with reported ability to produce telomerase inhibition, 
telomere shortening and sensecence]. Whether these com. 
pounds are active-site inhibitors remains to be demonstrated. 
Rcverse-transcriptase inhibition has not been observed by the 

inhibits telomerase with an /C» of 30|iM. 



Active-site Inhibitors 

The reverse transcriptase activity of ^f^^ 
prisingly led to the appraisal of nucleotide-based mojecuks 
w7h So*** activity against viral RTs. Thus AZT ha 
b«n shown in several studies to be active at the micromolar 
et al. 1998; Multani et aL m* ,m have 
several othernucleotide triphosphates fr**>™* 

A problem common to these nucleotides u then lack of 
specificity, in that they tend to be promiscuous in dwUV 
toThibit polymerases, not least Too 
enzyme used in the amplification step of Oo TRAP assays 
^cific active-site telomerase inhibitor has been reported 
to date in the open literature, although it is entirely possible 



Oligonucleotides targeted against the RNA 
template 

Kim et aL (1994) first showed that appropriate antisense 
oligonucleotides could effectively down-regulate telpmerase- 
catalysed extension of telomeres, although it has been 
surprisingly difficult with such experiments to unequi-. 
vocally-demonstrate telomere shortening after a number or 
rounds of replication. Several more recent studies have 
rcDorted anti-tumour effects with antisense oligonucleotide* 
Success has also been obtained in a ceU-frcc system and tn 
cultured carcinoma cells with a hammerhead nbozyme 
targeting the telomerase RNA template region fYokoyama 
etaL 1998), and with a 2%0-methyl-modified nb zynw 
targeting telomerase in human glioma cell lysates (Wan et aL, 

1998). . , r 

The oligonucleotide approach suffers from the problems or 
stability and uptake common to oligonucleotide therapeutics, 
although promising in vitro results have been obtained wrth a 
varietyof backbone modifications which can at least partially 
counter nuclease susceptibility. PNA oligomers have been 
found to be especially potent inhibitors, typically with JC» 
values in the nanomolar range, A systematic scanning f the 
1 1-base RNA template sequence with a range of overlapping 
PNA oligomers (Hamilton et aL, 1997) showed the import- 
ance of bases in the alignment domain of the template site, as 
well as those in the elongation domain itself Condon of 
short-length PNAs with cationic peptides unked^t Jto 
equivalent of the PNA 5'-end have shown enhanced telo- 
merase inhibition (Harrison, et aL, 1999). with the best 
Sate having an IC» of 0.14 um. r-O-MethylaUon of- 
RNA Vomers is an effective stabfli^tion. strategy..^ 
though such oligomers have lower, affinity for the RNA 
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template than analogous PNA ones, their telomerase 
inhibition is surprisingly sup nor (Pitts and Corey, 1998). 
The problem of PNA oligomers not being able to cross cell 
membranes has been addressed in studies using PNAs 
conjugated with peptides from the homeodomain f Anten- 
napedia, which are effectively transported into m ammal i a n 
cells (Simmons et al , 1997). Simple lipid-mediated uptake of 
non-conjugated PNAs by DU145 cells has also been achieved 
(Hamilton etaL 9 1999). 

Problems of cellular delivery have been highlighted in a 
study with phosphorothioate-modified oligonucleotides, 
which effectively inhibited telomerase activity in cell lysate 
but were ineffective with intact cells (Duncan et al % 1998). A 
further potential problem with phosphorothioate-modified 
oligonucleotides has been highlighted by the suggestion that 
they bind to the protein rather than the RNA component of 
telomerase (Matthes and Lehmann, 1 999). 

An interesting observation has been reported using an 
antisense strategy directed at telomerase RNA of human 
glioma cells (Kondo et aL t 1998). A 19-mer oligonucleotide 
linked to a 2\y-oligoadenylate (2-5A) which activates the 
endoribonuciease, RNase L, induced a rapid (within 4 days) 
loss of cell viability with concomitant apoptosis. These results 
are contrary to the widely perceived need for an extensive 
lag phase (dependent upon telomere length) prior to the 
induction of cellular senescence 

Telomere-directed agents 

The strategy of targeting telomerase indirectly, via the telo- 
mere primer strand, was originally devised for amido- 
anthraquinone-based telomerase inhibitors (Sun et aL f 1997). 
It was envisaged that these molecules would preferentially 
interact with telomeres when folded into four-strand G- 
quadruplex structures (Mergny and Helene, 1998), which 
are known to inhibit the elongation steps catalysed by 
telomerase (Fletcher et al> 1998; Zahler et aL 9 1991). 
Evidence, albeit indirect, for this mechanism initially came 
from the observation that inhibition only occurred after 3-4 
telomere repeats had been synthesized, consistent with the 
requirement of the human telomere repeat d(TTAGGG) 
for four repeats in order to fold into an intramolecular 
G-quadruplex structure (Sun et aL, 1997). More recent 
supportive evidence has come from experiments using 
7-deazaGTP instead of GTP for primer incorporation 
(Han et aL % 1999b). The former cannot readily participate 
in G-quadruplexes and inhibition is decreased. Correlative 
evidence has also come from molecular modelling studies of 
series of inhibitors interacting with G-quadruplexes, where 
predicted affinities to them parallel telomerase inhibition 
abilities. A variety of planar aromatic molecules have now 
been shown to inhibit telomerase by this mechanism, includ- 
ing tetrapyridyl-substituted cationic porphyrins, a perylene 
derivative (Fedoroff et aL, 1998), acridines (Harrison et aL % 
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1999) and fluorenones (Perry et aL t 1999), as well as the four 
major regioisomers of bis-substituted amido-anthraquinones 
(Perry etal % 1998a, 1998b). 

The structural features necessary for activity and tel mere 
binding are (i) extended planar or n ar-planar electron- 
deficient chromophore; (iT) cationic charge, either on a side- 
chain(s) or on the chromophore itself; and (iii) if sidenchains 
are present, then their lengths as well as the nature and size of 
the pendant end-groups are critical (Perry et aL> 1998a, 
1998b). However, these features have not as yet been 
optimized, with the best inhibitors of this type having /C50 
values in the 1-2 \M range, which is broadly comparable to 
their cytotoxicities. If such compounds are to be effective 
telomerase inhibitors in vivo, then their cytotoxic potencies 
must be low by comparison so that classic cytotoxic-mediated 
cell kill is at a minimum. These small molecule compounds 
have several advantages over oiigonucleotide-based inhib- 
itors, even though the latter can-have superior activity in 
cell-free systems by several orders of magnitude. For 
example, phannacophore-based inhibitors are more readily 
amenable to systemic administration, and are less likely to 
produce adverse immunological effects. 

The mechanistic and structural details of these G4- 
stabilizing molecules are beginning to be explored. Of 
particular importance are kinetic factors, since the rate of 
formation of native G-quadruplexes is known to be very sloi 
even in the presence of high concentrations of sodium or 
potassium ion. The perylene derivative PIPER has been 
found (Han et aL, 1999a) to accelerate this process some 
100-fold, a result that is likely to have general significance 
for other G4 stabilizers. No crystal structure for a G- 
quadruplex-ligand complex is as yet available, although 
several plausible models based on NMR data have been 
produced, notably for complexes involving tetra-(tf-methyl- 
pyridyl) porphyrin and PIPER (Wheelhouse et aL 9 1998; 
Izbicka et aL % 1999). Although neither of these studies 
involves the human intramolecular G-quadruplex, both 
concur in showing that the planar ligands do not intercalate 
between adjacent G -quartets, presumably on account of their 
exceptionally slow dissociation kinetics. Instead, they are 
pseudo-intercalated/stacked at the ends of quadruplex 
structures. 

It has not as yet been demonstrated that the telomerase 
inhibitory ability of these telomere-binding ligands can result 
in telomere shortening and senescence in cells In vitro data on 
cationic porphyrins has shown that growth arrest (Gr-M cell 
cycle block) of human breast cancer cells can be achieved by 
exposure to subcytotoxic concentrations over 15 days (10 
population doubling times) (Izbicka et aL, 1999). Telomerase 
activity in these MCF-7 cells decreased to a minimum level 
after only 4 days of exposure to porphyrin. H wever, n- 
significant changes in telomere length were predicted to hav 
occurred (actual measurements were not reported) since 
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growth arrest was observed at much shorter times than would 
be required on the basis of rate of telomere loss even in cells 
with relatively short telomeres (>20 population doubling 
time). Similar observations have recently been made in our 
own laboratories in 21NT human breast cancer cells 
following long-term (14 days) exposure to non-cytotoxic 
concentrations of acridine-based G4-sttbilizing molecules (S. 
Neidle and LJL Kelland, unpublished observations). These 
G4-interactive agents await further study in rumour-bearing 
animals. Based on measurements of telomerase activity and 
limited telomere length, MCF-7 and MXI breast cancer 
xenografts have recently been proposed as appropriate 
models (Raymond et at, 1999). 

Summary . 

As is common with a newly discovered caneer-assoaated 
gene/protein, there is a lag between the elucidation of its 
cellular and molecular biology and appropriate therapeutic 
intervention. Telomerase represents an interesting and 
promising anticancer drug target but poses a particular drug 
discovery challenge. It is unclear at present what is the 
optimum means of targeting this complex ribonucleoprotein 
and associated telomericDNA and binding proteins: various 
strategies are actively being explored. Some recent data (tg. 
2-5A antisense against telomeric RNA, targeting TKF2, 
introduction of dominant-negative hTERT into cells) has 
raised doubts over the previously presumption of a require- 
mentfbr prolonged enzyme inhibition with gradual telomere 
erosion, especially in tumour cells with relatively short 
telomeres. Highly potent and selective in mo inhibitors are 
required to validate the target and.address these critical 
issues. 
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Ribonucleoprotein telo merase is an enzyme that elongates telomeric DNA. In cells 
without detectable telomerase activity telomeres shorten with every ceil generation 
and reaching critical length is a signal for cell death. Normal human somatic cells 
express undetectable, or low (bone marrow and peripheral leukocytes), telomerase 
activity. Reactivation of telomerase (immortalization) is probably necessary during 
development of a fully malignant cancer. Consequently, telomere was proposed to 
be a therapeutic target for the cancer therapy. Potential results (including side-effects) 
of telomerase inhibition are being considered. After all, telomerase inhibition can be 
useful not only in the therapy, but also in cancer biology research, elucidating ageing 
and immortalization phenomena. 



Eukaryotic chromosomes terminate with te- 
lomeres — a variable number of short species- 
specific telomeric repeats [11. In mammals the 
sequence: TTAGGG (strand oriented 5'-»3' to- 
ward the chromosome terminus) is repeated. 
Telomeres appear to function in: chromosome 
stability — protection from DNA degradation, 
the end-to-end fusion and recombinations; 
chromosome positioning — attachment to the 
nuclear membrane; and replication. Telomeres 
are believed to form specialised structures, and 
interact with a number of associated proteins. 
Enzymes that elongate telomeric DNA (te- 
lomerases) are ribonudeoproteins [2J. They 
consist of an essential RNA and a few proteins. 
RNA contains a region complementary to te- 
lomeric repeats. It has been proved that these 
sequence serves as a template during synthesis 
of telomeric DNA. Therefore, telomerase is a 
specialised reverse transcriptase with the built- 
in template rather than a terminal transferase. 



CELLULAR REPLICATTVE SENESCENCE 

DNA-dependent DNA polymerases are un- 
able to fully replicate ends of linear DNA (be- 
cause they can synthesise DNA only in the 5' -4 
3' direction and require an RNA primer). Te- 
lomeres can be also lost by degradation by 
exonucleases. Thus, telomeres shorten in cells 
lacking telomere elonga tion activity. According 
to the telomere theory of cellular ageing, shor- 
tening of telomeres acts as a mitotic dock, re- 
sponsible for cellular replica tive senescence [3], 
Normal human somatic cells express undetect- 
able, or low (peripheral and bone njarrow leu- 
kocytes) telomerase activity. Consequently, 
their telomeres shorten by 50-200 base-pairs 
with every cell generation. Reaching of critical 
length (after about eighty divisions for cells 
derived from a new-born child) is a signal for 
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finishing proliferation and afterwards cell 
death. The exact molecular mechanism of this 
proliferation crisis is not known. Both tran- 
scriptional activation — caused by changes in 
subtelomeric chromatin structure, and silenc- 
ing of subtelomeric genes is possible. Silencing 
could result from changes in subtelomeric chro- 
matin structure, or lack of enough space for 
transcriptional machinery between the point 
where a chromosome is anchored to the nuclear 
cage, and promoter/enhancer regions. Simple 
excision seems to be unlikely since cells reach- 
ing the replicative limit (Hayflick's deadline) 
still have some telomeric DNAleft. 

There is some evidence that the so-called pro- 
liferational crisis consists of two stages. The 
first barrier, called the mortality stage 1 (Ml), is 
associated with activation of p53 and retino- 
blastoma (RB) cycle-inhibiting genes, some- 
how induced by shortened telomeres. Ml can 
be bypassed by- transformation with some on- 
cogenes (traditionally called: immortalising 
oncogenes) for example SV-40 T-antigen. This 
is not, however, real immortalization Trans- 
formed cells are still telomerase activity nega- 
tive and show the telomeric decline. Even- 
tually, they reach a second barrier called the 
mortality stage 2 (M2). M2 means that te- 
lomeres are physically too short to fulfil their 
functions any longer. Numerous chromosome 
aberrations, especially chromosome fusions, 
can be observed. Cells cannot divide; they will 
finally die unless telomerase is reactivated. 

Unlike somatic cells, human germ-line cells 
express a high level of telomerase activity. This 
is necessary to ensure that telomeres will not 
shorten in next generations, leading to extinc- 
tion of the species. 

What we do not know is whether cellular 
replicative senescence is related to ageing of a 
multicellular organism. About eighty cell divi- 
sions, available for human cells, seem to be 
enough for a lifetime. Cells derived from very 
old individuals still can divide in vitro. What is 
more, rodents age although their somatic cells 
mostly express telomerase activity (however, 
their telomeres still generally shorten). On the 
other hand, premature shortening of telomeres 
was found in progeria (human disease associ- 
ated with early ageing) [4]. However, accel- 
erated accumulation of oxidised proteins was 
also found in progeria, suggesting rather oxi- 
dative than replicative senescence. 
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There is no doubt that cellular replicative se- 
nescence is a mechanism protecting against 
malignancy. One should remember that human 
cells are relatively resistant to transformation, 
both in vitro and in vivo. A single cell which 
starts to divide constantly (due to the activation 
of oncogenes and inactivation of antionco- 
genes) is a "mother" of malignancy. All cancer 
cells observed in the advanced disease are the 
progeny of the "mother" cell. Sucha greatnum- 
ber of divisions would be impossible without 
telomerase activity. Therefore, we can consider 
the reactivation of telomerase to be prerequisite 
for the development of malignancy in humans 
[5]. In the case of carcinogenesis in vitro, the 
telomerase recovery is probably responsible for 
overcoming the proliferation crisis of trans- 
formed cells (Fig. 1) [6, 7]. This is similar to 
carcinogenesis in vivo,- since telomerase is not 
active in benign solid tumours (e.g. benign 
adenomas of colon, uterine fibroids and pros- 
tatic hyperplasia), and early leukaemias (e.g. 
acute myeloid leukaemia and chronic lympho- 
cytic leukaemia), but its activity is detectable in 
solid malignant tumours and in advanced leu- 
kaemias [5, S-10] (Fig. 1). When these findings 
are combined with the telomere theory of eel 
hilar ageing, we can see, that the step of immor- 
talization (induced by the reactivation of 
telomerase, probably due to a mutation of its 
repressor) is necessary for the development of 
malignancy. This is strongly supported by the 
fact that immortalised human cell lines, or cell 
lines derived from rodents are much more sus- 
ceptible to transformation in vitro [11]. 

There are, of course, facts which cannot be 
simply explained and seem to be exceptions 
from this attractive comprehensive theory. 
There are rare examples of malignant tumours 
without telomerase activity. It may be that cells 
of these cancers are not really immortal, but are 
able to spread and be harmful within their nor- 
mal replicative life-span. It is also possible that 
these cells use another mechanism to elongate 
their telomeres. They could, for example, do it 
through the recombination-based pathway 
similar to that observed in yeast cells. 

It is generally difficult to establish cultures of 
cancer cells in vitro. Why is it so if these cells are 
immortal? Early studies failed to demonstrat 
telomerase activity in fresh cancer samples. 
Now, with the new PCR-based assay: the te- 
lomeric repeat amplification protocol (TRAP), 



L. Huminiecki 



Vol. 43 



Telomerase as a therapeutic target 



533 



Human normal somatic ceils 
No disease 

Primary culture 



Point of view: 
At the cell level 



Introduction (transfection, 
lipofection or transduction) 
of a transforming viral 
oncogene(s) 



Activation of oncogenes 
and inactivation of 
antioncogenes 



Clinically 

In vitro cell culture 



Transformed cells without telomerase activity 

Clinically hyperplasia — benign tumor, early 
leukaemia 



Multiple passages 



Intensive proliferation, 
telomeres shorten 



Proliferation crisis 



Cell death 

No metastases 

No stable 
transformants 



Reactivation of telomerase, 
escape from crisis 



Transformed and immortalized cells with stable but short 
telomerase 

Clinically neoplasia — metastatic tumor, advanced leukaemia 
Stable transformed celUUne 



Fig, L New conception of carcinogenesis (in vivo and in vitro). 



telomerase activity in about 85% of malignant 
cancers can be detected [5]. One could suppose 
that the new assay is too sensitive, and will 
detect extremely low levels of telomerase activ- 
ity, too small to play a physiologicalfunction. 
The published results indicate that this is not 
true, but one cannot be sure, until the new assay 
is standardised and previous results are con- 
firmed. 

It was also proposed that telomerase is some- 
how turned off after the cell isolation This 
hypothesis assumes that the phenomenon of 
telomerase reactivation requires unique envi- 
ronmental conditions, which cannot be main- 
tained in the cell culture. 

Latest data show that low telomerase activity 
can be also detected in bone marrow and pe- 
ripheral blood leukocytes [9]. This suggests 
that somatic expression of the enzyme may be 
wider than was previously thought It is not 
unlikely that telomerase activities in other so- 
matic tissues are so low, that they cannot be 
detected even by the sensitive TRAP assay. Al- 



ternatively, bone marrow and peripheral blood 
leukocytes may be unique exceptions, and 
other tissues may not have telomerase at all (or 
more precisly nearly at all — we should not 
forget illegitimate transcription). 

ANTI-TEL OMERASE TREATMENT 

Investigations focusing on the problem of te- 
lomerase activity in malignant cells are, of 
course, very important for understanding of 
the biology of cancer, but they could have an 
impact on therapy of malignancy, too. There are 
■several currently ongoing clinical trials utilis- 
ing strategies which are called "cancer repair" 
[12]. These protocols are based on intervention 
aimed at correcting the proliferation regulating 
mechanisms damaged by mutations which 
took place during carcinogenesis. So far, te- 
lomerase has not been usually considered to be 
a therapeutic target. Instead, delivering the 
wild-type copy of p53 antioncogene to malig- 
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nant cells [13, 14] (utilising the gene therapy 
technique) or silencing of the over-expressed 
oncogenes [15-17] (utilising the gene therapy, 
exogenous antisense oligonucleotides or con- 
ventional pharmacological inhibitors) are po- 
pular ideas. The immortalising enzyme — te- 
lomerase — is not strictly a product of on- 
cogene, but arresting of its activity in malignant 
cells could cause proliferation crisis and after- 
wards their death. 

One can argue that even if such a therapy 
worked, its action would be very slow, and 
patients would probably die before telomeres 
of their malignant cells would shorten to a criti- 
cal length. Such a scenario is not unlikely, but 
there are facts which seem to be promising. 
Firstly- there is ajiegative correlation between 
telomerase activity and the average telomere 
length in transformed cells [8, 9]. This means 
that the telomerase activity positive trans- 
formed cells have shorter telomeres that nor- 
mal cells (derived from the same tissue, and the 
same donor, or donor of the same age). During 
the early period of development of malignancy 
(benign tumour, early leukaemias) transfor- 
med cells divide losing telomeric DNA. When 
telomeres are critically short the proliferation 
crisis takes place. The crisis positively selects 
cells with reactivated telomerase. These cells 
are both transformed and immortalised. They 
survive, and can develop into malignancy. 
Their telomeres are stabilised, but still very 
short [18, 19]. An increased rate of the chromo- 
some fusion, observed in many malignant cells, 
is probably the simple consequence of poor 
protection of chromosomes by these short te- 
lomeres. All these facts suggest that the main 
function of telomerase is the prevention of 
shortening rather than the intensive elongation 
of telomeres. Thus, inhibition of telomerase ac- 
tivity should quickly lead to reaching the pro- 
liferation limit (Hayflick's deadline). 

In accordance with the latest results, telomer- 
ase activity is detectable not only in germ-line 
cells, but also (though it is much lower) in bone 
marrow and peripheral leukocytes [9]. So far, 
these are the only adult tissues in which te- 
lomerase has been detected. Thus, systemic 
anti-telomerase therapy could act as a very se- 
lective treatment for malignant tumours. Po- 
ssible sterility could be probably an acceptable 
side-effect of therapy against advanced dis- 
ease. The survival of germ-line cells with shor- 



ter telomeres would be worse, because in the 
next generations even faster ageing might take 
place. At present, it is not possible to predict 
potential toxic effects on leukocytes and their 
precursors, because both biological signific- 
ance and the identity of the telomerase activity 
positive cells is unclear. Despite the presence of 
telomerase activity, telomeres in bone marrow 
and peripheral blood leukocytes still shorten. 
This was, however, shown by an assay measur- 
ing an average telomere length [9]. Thus, it 
could be assumed that a small subpopulation 
of these cells express high levels of telomerase 
— and do not show the telomeric decline, whe- 
reas other subpopulations express no telomer- 
ase activity — and their telomeres shorten. If so, 
the identity of telomerase positive subpopula- 
tion would be of great interest 

On the other hand, it is possible that all leuko- 
cytes and their precursors have some telomer- 
ase activity, but their telomeres shorten despite 
this activity. The rate of this shortening could 
be, however, slightly diminished by low level 
of telomerase activity. In fact, telomere loss 
rates vary among different cell types [8]. This 
could suggest that regulation of telomerase ac- 
tivity and telomere length is more complex 
than previously thought Telomerase may be 
controlled not only at the level of RNA or pro- 
tein expression, but also at the level of enzy- 
matic activity. Furthermore, function of this 
ribonucleoprotein may not only be telomere 
elongation, but also maintaining the correct 
structure of telomeres (through incorporation 
into the telomeric nucleoprotein complex). 

All these facts and hypothesis point to the 
need for great caution in the process of inter- 
preting experimental data. Different parame- 
ters: telomere length, telomerase activity, the 
presence of telomerase RNA or .the protein sub- 
unit, do not necessary correlate with each an- 
other. An average result will not ensure that 
there is no subpopulation of cells (for example 
stem cells) with entirely different charac- 
teristics. However, we know that most primary 
bone marrow stem cells (CD34+) lose their te- 
lomeric DNA during in vitro culturing [20]. This 
suggests that the telomerase activity positive 
cells may belong to a more differentiated com- 
partment This is optimistic, because toxicity 
against differentiated leukocyte precursors or 
peripheral leukocytes, even if it occurred, 
would not probably be life-threatening. 



HOW CAN TELOMERASE BE SELECTIVE- 
LY INHIBITED? 

Telomerase is a ribonucleoprotein. Its own 
integral RNA is used as a template for the syn- 
thesis of the DN A repeat motif characteristic of 
the species. Recently, a group of scientists from 
Cold Spring Harbour Laboratory and Geron 
Corporation, has cloned telomerase RNA [21]. 
They also proved that the introduction of a 
gene encoding antisense RNA targeted to te- 
lomerase RNA component into the HeLa im- 
mortalised cell-line, leads to the proliferation 
crisis, and cell death. Thus, antisense strategy 
seems to be very attractive means of telomerase 
inhibition. 

It is hard to decide which of antisense 
strategies would be the best. If exogenous 
simple antisense strategy (deoxyoligonucleo- 
tides or their analogues) is used, the effect of 
■inhibition- will-be the overall result of: 1) com- 
petition with the 3'-ended short single-stran- 
ded "overhang" at the end of telomere for bind- 
ing to telomerase RNA in the holoenzyme; 
2) competition with the telomerase protein 
component for binding to newly synthesized 
telomerase RNA; 3) degradation of the formed 
RNA : DNA dimers by RNase H. Since RNase H 
cannot degrade RNA: RNA dimers, mechan- 
ism 3) will not take place if we choose the gene 
therapy technique. 

Gene therapy offers the exceptional possi- 
bility of the targeted delivery and transcription 
of a gene encoding antisense RNA (or other 
anti-telomerase genes). This could completely 
eliminate the potential toxicity to germ-line 
cells and leukocytes. Such a gene transfer 
would be, however, very difficult. Because the 
bystander-killingeffectis rather unexpected (as 
for all "cancer repair" strategies), a 100% effi- 
ciency of transfer seems to be necessary. This 
would not be possible without new vector sys- 
tems (e.g. a new generation of liposomes con- 
necting high transfer efficiency of cationic 
liposomes with good pharmacokinetics and the 
targeted delivery to cancer cells of stealth lipo- 
somes [22]). When new gene transfer methods 
are worked out, anti-telomerase therapeutic 
genes could be very useful in systemic gene 
therapy for advanced malignancy. To enable 
intensive gene transfer, the targeted delivery 



via the ligand-receptor interaction should be 
probably excluded. The targeted transcription 
(use of an appropriate promoter) will be prob- 
ably sufficient, since even non-targeted anti-te- 
lomerase treatment seems to be able to act very 
selectively against cancer cells. 

Ribozyme antisense strategy (utilising exo- 
genous or gene-derived ribozymes) is usually 
more effective than simple antisense strategy 
because ribozymes possess enzyme kinetics 
[23, 241. However, there is evidence that RNA 
undergoing complex association with proteins 
may not form optimal structure for the ri- 
bozyme cleavage. For example, simple anti- 
sense strategy was more active than ribozyme 
strategy against RNA of a small nuclear ribonu- 
cleoprotein — U7 [25]. 

Antisense strategy could be targeted not only 
to the RNA component of the telomerase pro- 
tein, but also to mRNA of the protein subunit. 
These two approaches are quite similar. Which 
of them would be more effective could depend 
'oh-whidi-factor-(RNAor-proteirO-existS-iii.smaI- 
ler quantities in the cell, and therefore limits the 
activity of the enzyme. Recendy, it has been 
found that telomerase RNA is present in many 
human tissues which show no detectable te- 
lomerase activity [21]. This suggests that the 
protein component is more rigorously regu- 
lated than telomerase RNA. On the other hand, 
the antisense strategy targeted to the RNA com- 
ponent could not only prevent formation of the 
holoenzyme, but also inhibit the activity of cre- 
ated telomerase molecules. This inhibition 
might be very effective, since antisense oligo- 
nucleotide would compete with only 92 te- 
lomeres per cell. 

The construction of any antisense molecule 
targeted to mRNA of the protein telomerase 
component requires cloning of the gene encod- 
ing this protein, which has not been done so far. 

There are also other theoretically possible 
methods requiring the gene transfer; examples 
are: intracellular single-chain antibodies again- 
st the telomerase protein; transdominant mu- 
tants of the telomerase protein which can bind 
template, and form ribonucleoprotein without 
telomerase activity; "RNA decoys" similar to 
RNA template in. that they can bind telomerase 
protein, but the created dimer will be inactive. 
These three strategies are modifications of the 
procedures known from gene therapy for the 
HIV infection, when a therapy, target is to neu- 
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tralize some elements of the virus [26, 27]. 
However, they, are highly experimental, and 
there is little experience with their use. 

It is also very likely that an effective system of 
telomerase inhibition could be worked out in 
the field of "conventional" pharmacotherapy 
The goal is to find selective inhibitors of the 
enzyme. They could be analogues of deoxynu- 
cleotides, with high affinity to telomerase, but 
low to DNA dependent DNA polymerases, 
working as terminating agents (they might stop 
elongation by lack of ability to create a bond 
with the next deoxynucleotide). The applica- 
tion of non-deoxynucleotide selective inhibi- 
tors is also possible. Looking for inhibitors of 
telomerase should include screening and drug 
designing. This would strongly resemble 
searching for inhibitors of HIV reverse tran- 
scriptase. After all, telomerase is a kind of 
reverse transcriptase with the built-in template. 

The well known HIV reverse transcriptase 
inhibitor — AZT, has already been examined 
for its effect on the Tetrahymena telomerase. It 
was found that AZT induces fast telomere shor- 
tening in vegetatively growing Tetrahymena 
[28]. 

RODENT MODEL 

We have a great many information about the 
telomerase regulation in mice tissues [29, 30]. 
These findings are amazing. In fact, most 
mouse tissues possess telomerase activity. The 
levels of this activity can differ a lot. Conse- 
quentiy telomere length is similar in all tissues 
of a newborn mouse, but different in tissues of 
an adult mouse. In primary cell cultures of 
mouse fibroblasts telomerase activity is unde- 
tectable, and telomere length decreases with 
cell divisions. In contrast, after a frequent sponr 
taneous immortalization, remarkable telomer- 
ase activity is present and telomeres maintain a 
stable length. 

It was proposed that to protect them against 
malignancy, long-lived species need more 
stringent control over cell proliferation than 
short-lived species. This is not, however, self- 
evident. One could argue that long-lived 
species need more cell doublings — thus, 
should have active telomerase. 

In order to explain this complicated issue 
other species should be investigated as well as 



it should be determined whether the observed' 
telomerase activity is due to telomerase ex- 
pression in all cells, or only in a limited subset 
of cells. 

Due to the permanent telomerase expressioi 
in many somatic tissues, rodents — the most 
frequently used model in cancer research, ap- 
parently does not seem to be useful in this 
particular situation. However, some mouse tis- 
sues (for example skin) do not possess telomer- 
ase activity. Thus, an interesting proposal to use 
the mouse skin multistage chemical carci- 
nogenesis model for such investigations, has 
been recently put forward [31]. 

CONCLUSIONS 

The main purpose of this review is to attract 
attention to telomerase as a potential thera- 
peutic target. Of course, the anti-cancer effect 
of inhibiting telomerase is highly theoretical. 
All the same, even if this assumption is false, 
studying the results of neutralizing telomerase 
should give us new knowledge about the 
cancer biology, ageing and the phenomenon of 
immortalization. Furthermore, telomerase 
might serve as the nearly universal malignancj ) 
marker in the cancer diagnostics. Finally, anti- 
telomerase treatment can be directed against 
fungi and protozoa. These eukaryotic unicellu- 
lar organisms are (in the biological meaning) 
immortal and they constantly express telomer- 
ases [32-34]. Their telomeres and telomerases 
differ from human ones. Therefore, theoreti- 
cally methods for selective inhibition of their 
telomerase activities could be found. 
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Abstract. The cytotoxic interaction of combined 5-fluorouracil 
d-FU) with different nucleoside analogues was investigated in 
v ),m on a colon (WiDr) and a breast (MCF-7) cancer cell line. 
A rido,l,unidine (AZT), y-deoxy-2\3'-didehydrothymidtne 
(D4T). 5-iododeoxyuridine (IdUrd) and 2\3'-dideoxycytidine 
(DDC) were tested at different concentrations (5-600 pM) as 
modulators of 5-FU. The experimental endpoints were cellular 
viability and cell cycle distribution. The combination of 5-FU 
and AZT or D4T yielded supra-additive cytotoxic effects in both 
cell lines at all concentrations. On WiDr, IdUrd at high 
concentrations of 50 and 100 pM showed a supra-additive effect 
whereas at low concentrations (5, 10 and 20 pM) the effect was 
antagonistic 5-FU combined with IdUrd produced a synergistic 
effect on MCF-7 cells at all concentrations. DDC antagonised 
the toxic effect of 5-FU on the WiDr cell line. In WiDr cells, a 
significant increase in the overall S-phase was observed 48 and 
72 hours after exposure to D4T, AZT and DDC at the low 
amcentratbn of 10 pM. On the contrary, this accumulation in 
S-plmv was not present in MCF-7 cells. The combined effect of 
5-FU and nucleoside analogues in vitro is dependent on the type 
and concentration of nucleosides and the cell-line tested. AZT, 
D4Tand IdUrd are more likely to be subjected to more intensive 
in vitro and in vivo research as far as modulation of 5-FU 
toxicity is concerned. 

5^Fluorouracil (5-FU) is commonly used in the treatment of 
colon and breast cancer. Single-agent chemotherapy with 5- 
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FU in these tumors results in response rates of 10-20%. but 
complete remissions are rare. In order to enhance the 
cytotoxic effect of 5-FU, several new treatment strategies 
have been developed [1-3]. Recently, it has been 
demonstrated that some nucleoside analogues such as AZT 
and IdUrd, both thymidine analogues widely used respectively 
in AIDS and in oncology, are synergistically cytotoxic with > 
FU or MTX in human colon cancer cells [A-% Scanlon and 
Szekeres el al have further reported that AZT can restore 
sensitivity to cisplatin -and 5-FU in vitro in cells resistant to 
these agents [10,111. Screening of nucleoside analogues as 
cytotoxic modulators of thymidylate synthase (TS) inhibitors 
remains an interesting issue. AZT and IdUrd as cytotoxic 
drugs combined or not to 5-FU are currently undergoing 
clinical evaluation [12-15]. D4T and DDC are clinically useful 
in the treatment of AIDS and related complexes [16.17]. Both 
compounds have not been previously reported as potential 
anticancer agents. In the present study, our intention was to 
evaluate the different nucleoside analogues (D4T. AZT. 
IdUrd and DDC) as potential modulators of the cytotoxic 
effect of 5-FU in vitro on human colon and breast cancer cell 
lines. From these experiments, D4T, AZT and IdUrd emerge 
as interesting drugs to be tested in combination with >FU in 



vivo. 



Materials and Methods 

Chemicals. AZT and IdUrd were provided by the Wellcome Foundation 
LTD (London. England). D4T by Bristol-Myers, and DDC by Roche- 
Pharma. Dimethyl sulfoxide (DMSO). 5-FU. propidium .od.de and 3- 
(4 S . D imelhyUhiazol-2-yl)-2.5-diphenyltetrazolium brom.de (MTT) 
«ere purchased from Sigma Chemie (Buchs. Switzerland). MTT was 
dissolved at a concentration of 5 mg/ml in RPMI- 1640 medium wuhout 
phenol red. filtered and frozen for s.ocfcage. 5-FU was initially dissolved 
in phosphate-buffered <alinc at concentration of 2 mM and stored al - 

arc. 
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Figure L Cytotoxicity of 5-FU as determuied using a 3-day A/7T assay in the absence or in the presence of the different concentrations ofAZT M; P4T 
(Bl IdUrd (L)or DDC (D) on WiOr. Results are the mean ± SE of at least 3 independent experiments. 
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Cell cultun, The human colorectal cancer cell line WiDr and breast 
Cil „ccr coll line MCF-7 were cultured at 37X in 5% CO, -n «<% air 
humidified atmosphere in Minimum Essential Medmm with 10% fetal 
calf scrum, I % non-essential amino acids and 2 mM L-glutamine and 
passed twice weekly. Under these conditions, the doubling time of the 
celts growing exponentially was approximately 23 hours for WiDr and 30 
hours tor MCF-7. 

Crtri/*,,/, f .-i assav. A survival study was performed using a MTT assay as 
described hv Denizot et al with some modifications [181. One hundred 
microliters of cell suspension and 100 ul of diluted drug solution were 
mixed per well in a Falcon Primaria %-wellplate. The cell concentration 
was 4200 cells/well for WiDr and 5100 cells/well for MCF-7. The plates 
were incubated for 72 hours. At this time point, both cell lines showed a 
lack of confluent growth, thouah cells should have divided at least two 
limes. The culture-medium was removed, and 100pl MTT solution was 
mklcd to each well. Following an additional 4 hours incubation. MTT 
* s .n remmed and 20()ul per well of DMSO was added to dissolve the 
finm:./aii a-vstals. The % well plate was shaken on a microplate shaker 
(I£AS 2/4. sLt) for 5 minutes, and thereafter the optical densities (OD) 
of each well were read at 570 nm with the reference wavelength set at 
6W nm using a SLT SPECTRA II (Tecan AG. Hombrechtikon, 
Switzerland) plate recorder. 

The cell survival was calculated sis the fraction of cell alive relative to 
control for each point: 

cell survival (%) = (mean OD in the treated wells/mean OD in the 
cumml uetls) x 100. 

The IC«, (Inhibitory Concentration 50%) values were defined as the 
drug oMK-entrations inducing a 50^ reduction in the OD as compared to 
the untreated cells. The cytotoxic activity of the drug combination was 
evaluated by isobologram analysis [l u |. 

Cell cycle analysis, Aliquots of WiDr and MCF-7 Cells in exponential 
growth w er e exposed to 10 uM AZT. D4T or DDC under standard 
culture conditions for 24. 4K or 72 hours. Thirty minutes pnor to 
harvesting bromodeoxyuridine (BrdUrd) was added at the final concen- 
trating tl f 10 uM. The'cells were trypsinized and fixed in 70% alcohol. 



The cells were stained for BrdUrd and DNA contents with slight 
. modifications of the classical method of Begg [20 1 and maintained in the 
dark at 4'C for at least 24 hours until analysis. 

The cells were analysed in a FACSCAN (Becton Dickinson) How 
cytofluorometer. Green (BrdUrd incorporation) and Red (DNA 
content) fiuorescences were simultaneously measured. The obtained 
cytograms were analysed, and the proportion of celts of the sample in 
each of Uie cell cycle compartments assessed [21 1. 

Statistical amlysis. Data are presented as the mean ± the standard error 
of three independent experiments. Means were compared using two-tail 
paired t-test A-difference was considered significant if a 0.05 value w;.^ 
reached. 



Results 

Cell survival. Survival rate was determined in both WiDr and 
MCF-7 cells pre -exposed for 72 hours to 5-FU and nucleoside 
analogues alone, or in combination. 5-FU alone was cytotoxic 

• in both human tumor cell lines, although MCF-7 appeared lo 
be more resistant than WiDr. The IC 5( , for 5-FU was 9 uM for 
WiDr and 130 uM for MCF-7, respectively. In WiDr cells the 
IC50S for AZT. D4'T\ DDC and IdUrd were 535|iM, 534uM. 
72()uM and 190uM, respectively. However, in MCF-7 cells 
[C50 for various nucleoside analogues could not be achieved 
even at concentrations up to 6OO11M. 

The combined cytotoxicity of 5-FU with AZT against WiDr 
and MCF-7 cells is shown in Figure IA and 2A, respectively. 
A 3-day exposure to AZT resulted in a significant increase in 
5-FU cytotoxicitv in both cell lines in a dose-dependent 
manner! Combinations of lOOuM AZT with various concen- 
trations of 5-FU produced a l.ft- to 2.4-fold increase in 
cytotoxicity of 5-FU in WiDr cells. The addition of 5uM and 
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Figure 3. Isohohgram analysis of the cytotoxic effect* nf th* u ■ 
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C !i ?cl, ° V fc'° US concentra ^ns of 5-FU lowered the 

Th e °Koh , t0 65 °- 9 MM in WiDr ce,ls - respectively. 
The .sonogram analyse indicates that the combination of 5 

A^h V X , ert ^ SynerSiStiC effect a 8 ainst (Figure 

achieved 8 ,C5 ° f ° r nUCie ° Side anal0 S ues ™ be 
achieved even at concentration up to 600 uM in MCF-7 cells 

AZtT^? 5 0 ,r am 3SSay Sh ° W thC S3me Syner g ,stic effe « of 
t\t~ i and 5-FU (Figure 4A). 

In WiDr cells the IC 50 of D4T after a 3-day continuous 

ra : of 5-FU with or without D4Tin WiDr and MCF-7. When 
W.Dr cells were incubated with 5-FU and D4T a supra- 
addmve cytotoxic effect was observed (Fi e ure 3B) D4T « 
.concentrations of 5 and 3<%M, used concurrently with 5-FU 
lowered the [C 50 for 5-FU to 5.5 and 1.4uM on WiDr 
respect.ve.y. Compared to 5uM AZT, stronger synergism wis 
obtained when 5uM D4T was added to L medium 
™**«*m of 5-FU (Figure Ta nd 
->B) On MCF7 cells, cytotoxicity assay revealed results similar 
to those with WiDr cells (Figure 4B). 

IdUrd was more cytotoxic to WiDr and MCF-7 cells than 
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m ?, a , nd ? 4T (FigUre 1C and 2C >- At a concentration 
of IOuM, 2.8±2.4% WiDr cells and 28.8*0.2% of MCF-7 
cells were killed respectively. The addition of 50uM IdUrd to 
5-FU lowered the IC 5() of 5-FU to 2.71uM in WiDr cells The 
combination of 5-FU and IdUrd was synergistic over the 
en .re range of concentrations of IdUrd in CI 13C of- MCF-7 

5lW US^LTlmZT^ f ° r thC higher ^^^rations of 
IdUrd (50 and lOOuM) against WiDr cells (Figures 3C and 

S^T^' 31 ,OWer concentrat, 'ons of TdUrd (5, 10 and 
20mM), the interaction with IdUrd and 5-FU was antaeo- 
mstic for WiDr cells (Figures 3C). g 
DDC was cytotoxic "to WiDr cells with IC 50 of 7?0uM 
w ereas on MCF-7 ceHs DDC produced no growth inh.Sn" 
with concentrations up to 600uM (Figures ID). When DDC 

7s m lt: ^ ^ DDC rCduCed ,he effect 
o DDC% S S ° r thC emire range ^ concentrations 
of DDC (Figures 3D). In addition, the combination of DDC 

FuTdJr? r med l ° ° ffCr "° P° tential cffe « on 5 

rU (data not shown). 

Cell cycle effect. Cells pre-treated with nucleoside analogues 
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Control 


36.2 ± 4.8 


30.7 ± 1.7 


30.0 ± 1.6 


A7.T 


36.5 ± 1.6 
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33.6 ± 1.9* 




36.3 + 2.4 


40.4 ±0.6'* 


39.6 ± 1.3** 


DDC 


37.0 ± 2.4 


37.2 ± 1.0" 


35.1 ±L5** 


Control 


37.9 ± 2.2 


36.2 ± 1.9 


28.0 ± t.l 


AZT 


40.8 ± 2.4* 


34.9 ± 1.8 


29.2 ± 0.6 


1)4 1 


41.0 ±3.2 


36.3 ± 1.8 


26.5 ± 0.8 


DIX* 


37.3 ± 2.6 


35.1 ± 1.9 


25.6 ± 1.4 



Data represent with mean ± SE in three independent experiments in 
triplicate tests 

• P<0.05 relative to control 
P<0.01 relative to control 



were labelled with BrdUrd prior to fixation and processed as 
described. For the WiDr cell line, we observed an 
- accumulation of cells in S-phase, mainly at 48 hours 
incubation with nucleoside analogues (Table I). No difference 
could be shown between early or late S (data not shown) . In 
contrast, no differences in cell cycle distributions were 
detected with MCF-7 and hence the modulatory effect of 
D4T and AZT on this latter cell line cannot be explained by 
cell synchronisation. 

Discussion 

In the present study, the cytotoxic interaction of 5-FU and 
Vyaribus nucleoside analogues has been investigated in vitro. 
The combination of 5-FU with thymidine analogues such as 
AZT, D4T i>r IdUrd has a supra-additive cytotoxic effect on 
human colon and breast cancer cells. In contrast, DDC 
protects exponentially growing WiDr against the cytotoxic 
effects of 5-FU. 

The major biochemical mechanism by which 5-FU 
produces cytotoxic and therapeutic effect is the inhibition of 
T?' a k ey enzyme in the de novo synthesis of thymidine 
; ;/■: triphosphate (dTTP). This depletion of dTTP can be partially 
: ^circumvented by the salvage pathway and especially by the 
: -^increase in the activity of thymidine kinase (TK) [22,23]. It 
^ Jias been shown that dTTP depletion by TS inhibition 
|-' ;-^*? cr ^ ases the '"corporation of AZT triphosphate into DNA, 
f i^ Cading t0 DNA chain termination [4,5,24]. In addition, the 
l;:f £ mcreased T ^ activ ity and nucleoside transporter expression 
A^as suggested by Dornowski and Pressacco may favor AZT 
^Incorporation into DNA [22,23]. On the other hand, Weber et 
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Figure 4. teobologram analysis of the cytotoxic effects of the combination of 
5-FU and AZT (Ah D4T (B) or IdUrd (C) in MCF-7 celts. Interaction of 
5-FU and AZT, D4T or IdUrd is synergistic over nearly the entire mnge of 
concentrations tested ( 10-600 /iM). 



al suggested that AZT is able to block the salvage pathway by 
competitively inhibiting TK. However, considering the Ki, 
AZT has a minor direct inhibitory effect on TK [5-8]. 

AZT and D4T are phosphorylated by the same kinases that 
activate thymidine [16]. Once phosphorylated to the tripho- 
sphate derivatives, they are incorporated into DNA, leading 
to chain termination [4]. As is the case with AZT, there is 
increased incorporation of D4T into DNA as a result of a 5- 
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FU-mediuted reduction in the intracellular dTTP pool [23]. 
One may observe that the similarity between AZT and D4T 
metabolism is one way of explaining comparable effects on 5- 
FLTs toxicity on human breast and colon cancer cells. 
However, the use of D4T as a modulator offers a potential 
advantage over AZT. First, in contrast to AZT. D4T does not 
accumulate in its monophosphate form because it lacks an 
inhibitory effect on dTMP-kinase (less toxicity on bone 
marrow) [16.25). Second, the lack of accumulation of D4T- 
MP allows better incorporation into DNA, which is required 
for optimal interaction with 5-FU. One could therefore 
expect that D4T on this theoretical basis will have a better 
therapeutic index than AZT, but that remains to be 
investigated in vivo. 

IdUrd is known to be active as a radiosensitizer and 
cytotoxic drug, and its activity depends on the amount of 
thymidine replacement [26-29]. On the other hand, IdUrd 
monophosphate is a weak inhibitor of TS [29]. Moreover, 
some investigators have demonstrated an increased 
phosphorylation and incorporation of IdUrd into DNA after 
TS inhibition mediated by 5-FU, fluorodeoxyuridine or 
Tomudex. A supra-additive effect has been observed both in 
vitro and in vivo [9.28]. Our data are therefore consistent with 
other investigators. 

DDC is a cytosine derivative. The metabolic pathway is 
different compared to thymidine analogues [25]. It has been 
proposed as an alternative to AZT in non-responding AIDS 
patients [17]. DDC, even at a high doses, has minimal or no 
toxic effect on WiDr and MCF-7 cells. Moreover, it 
antagonizes the effect of 5-FU. 

The combined effect of 5-FU and AZT, D4T, IdUrd or 
DDC in vitro is dependent on the type of the nucleoside, the 
cell-line tested and the concentration used. This suggests that 
by affecting one or multiple enzymes or natural substrates 
involved in either 5FU metabolism or in purine or pyrimidine 
biosvnthesis, a different modulating effect can be observed. 
On 'the basis of these findings, AZT, D4T and IdUrd are 
more likely to be subjected to more intensive in vitro and in 
vivo research as far as modulation of 5-FU toxicity is 
concerned. Taken together these results suggest that some 
nucleoside analogues can be exploited as potential modula- 
tors of 5-FU toxicity. As recently reviewed by Jackman and 
Calvert, many folate-based TS inhibitors are developed 
because of the growing evidence of the central role of TS in 
neoplastic growth [30]. The efficacy of these TS-inhibitors can 
be reduced by the salvage pathway and therefore 
development of combinations of 5FU or new TS-inhibitors 
and nucleoside analogues, aimed at being incorporated into 
DNA in order to lead to chain termination, are of practical 
and clinical interest. 
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SUMMARY 

2 , ( 3 , -Didehydro-2 , ,3'-dideoxythymidine (D4T) is a potent inhibi- 
tor of human immunodeficiency virus (HIV), with low hematolog- 
ical toxicity. In the present study, the cellular pharmacology of 
D4T was investigated in human bone marrow cells (BMC), in an 
attempt to understand the mechanism of the observed low bone 
marrow toxicity. After exposure -of human BMC to 10 mm rH] 
"D4T"10r~24"hr,~D4T-5''-tripho 

nant metabolite, reaching a concentration of 0.3 pmol/10 cells. 
The D4T-5'-monophosphate levels were slightly lower, whereas 
the D4T-5'-diphosphate levels were about 6-fold lower than 
those of D4T-TP at 24 hr. Nucleic acids of human BMC exposed 
to 1 0 mm [ 3 H]D4T for 24 hr were purified and analyzed by cesium 
sulfate density gradient centrifugation. No radioactivity was de- 
tected in the RNA region, whereas a limited amount was asso- 
ciated with the DNA region. The amount of label incorporated 
into DNA correlated with the extracellular D4T concentration and 
the length of incubation time. Enzymatic hydrolysis of radiola- 
beled DNA and subsequent analysis by high performance liquid 
chromatography demonstrated incorporation of both D4T and 
thymidine (dThd) into DNA. Degradation of D4T to thymine and 
subsequent formation of labeled dThd was also detected in 



human BMC. Pulse (24 hr)-chase (48 hr) experiments 
[ 3 H]D4T demonstrated that the amount of radiolabei frog 
in DNA decreased over time during the chase. Unrj^ 
conditions, pH^'-azidChS'-deoxythymidine (AZT) inr^ 
into DNA of human BMC did not decrease during 
Although D4T-TP standard was demonstrated to be ik^^ 
37° and neutral pH, D4T was much more stable in solutj&j 
Incoiporat^ - ^ 

BMC, suggesting that enzymatic excision may be the r 1 ta 
for D4T removal from DNA. In summary, although r 
centrations of D4T-TP, compared with AZT-5'-triphc 
observed in human BMC, after exposure of cells to] 
extracellular concentrations of parent drug, steady sta 
of D4T incorporated into DNA are 10-50-fold lower, i 
with AZT. Competition with dTTP formed by D4T m 
and excision of D4T from DNA may be responsible, in | 
these effects. This study further demonstrates that in 
of 2',3 f -dideoxynucleosides into nuclear DNA of humanjl 
may be related to the ability of these anti-HIV agents to 1~ 
hematological side effects. 



D4T is a novel 2\3'-dideoxynucIeoside that has been L 
in several in vitro systems to inhibit HIV re P licatio ^ j||g 
centrations below 0.01 mm, with limited host cell toxictf|Hj 
12). In particular, we demonstrated that D4T had IC^ff - 
for human CFU-GM and human erythroid burst-fonnmffl 
100- and 10-fold, respectively, higher than those of 
thus, D4T was predicted to show less bone marrow suppr*" 

That prediction proved accurate in animal studies W 
phase I clinical trials (15-17). In patients, following ^ 
tration of D4T at doses up to 4 mgAg/ da y> pr elimm<lf 
cations of efficacy with reduced p24 antigenemia w ®** 
without substantial bone marrow toxicity (15-17). How| 

ABBREVIATIONS: HIV, human immunodeficiency virus; D4T, 

Sine S'-monophospha e; D4T-DP, 2'.3^idehydro-2',3'Kfideoxythymidine 5 '-diphosphate; D4T-TP 2 ^ d ^ 
SjhospS; £zT, 3'-azidc-3^eoxythymidine; AZT-MP, 3'-azidc^3'HJeoxythymidine Monophosphate; ^ 
S^osphate! dThd. thymidine; BMC, bone marrow cells; AIDS, acquired immune deficiency syndrome; HPLC, high performance ^Jg® 
raphy; CFU-GM, colony-forming unit granulocyte-macrophage; TCA, tricholoracetic acid. 



Development of anti-HIV agents with a high degree of selec- 
tivity represents a major approach to preventing and/or treat- 
ing AIDS. AZT is currently the only clinically approved drug 
for the treatment of AIDS, but its use in patients has been 
hampered by its severe hematological toxicity (1-3). Studies 
over the past years have demonstrated the importance of the 
intracellular metabolism of AZT and how this metabolism plays 
a major role in both the antiviral and the cytotoxic effects of 
AZT in host cells (4-10). 
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^predicted peripheral neuropathy, already reported with 2',3'- 
lideoxycytidine and 2' ( 3'-dideoxyinosine, was the major lim- 
ing toxicity (15-17). Research on the mechanism(s) by which 
|ese dideoxynucleosides, including D4T, induce this neurotox- 
gjty suggests that their effects on mitochondrial DNA synthe- 
|s may play a role in the observed neuropathies (18, 19). The 
©nee of D4T-induced myelosuppression is particularly bl- 
asting, because other dThd analogs, including 3'-fluoro-3'- 
oxythymidine, AZT, and its recently identified metabolite 
^-amino-3'-deoxythymidine, have been demonstrated to be 
^ghly toxic for human BMC (20, 21). Previous studies have 
Rested that differences in metabolism of D4T and AZT may 
^responsible for the decreased host toxicity (8, 22). AZT, 
^like D4T, accumulates as its 5 '-monophosphate derivative 
rithin cells, and these high intracellular AZT-MP levels may 
ad-to inhibition of dTMP kinase. This,-in ■ -turn.-results -in- 
duction of dTTP pools (8, 23), a mechanism that has* not 
*n observed with D4T (8, 24). However, our recent studies 
_jng human BMC and a pharmacologically relevant concen- 
tration of 10 mm AZT demonstrated that imbalance of deoxy- 
|§onucleotide pools was not a critical factor in AZT inhibition 
||DNA synthesis (4). These data were also confirmed by 
J geral other groups using different cell lines and experimental 
edures (5, 7, 10, 25). In contrast, although AZT is a poor 
^ trate for human DNA polymerase a and 5 (25-27), sub- 
ntial amounts of that drug are incorporated into nuclear 
|A (4, 25, 28), and this biochemical event has been demon- 
rated by us to correlate, to some degree, with inhibition by 
|Tof CFU-GM colony formation (4). The decreased toxicity 
||>4T in that system may, thus, result from a low steady state 
i of D4T incorporation into host cellular DNA, possibly 
_equent to poor phosphorylation of D4T in human BMC 
j|pr a different interaction of D4T with DNA, compared 
§i AZT. 

pierefore, in the present study we evaluated the intracellular 
* ok olism and incorporation into nucleic acids of D4T in 
i BMC. The pattern of D4T phosphorylation to its 5'- 
phate derivatives was similar to that observed in other 
to primary cells (29) or established cell lines (8, 22, 30). 
$te, degradation of D4T to thymine and subsequent for- 
^on of dThd was demonstrated within cells, consistent with 
^ection of labeled dThd in DNA of cells that had been 
10 labe kd D4T. Steady state levels of D4T incorporated 
yPNA were 10-50-fold lower, compared with AZT, after 
TE? of cells to similar concentrations. Removal of D4T 
ONA was detected under conditions in which no excision 
l was detected. 



Metab lism and DNA Interaction of D4T 



Materials and Methods 

Jg?als. [me%/- 3 H]D4T (20 Ci/mmol), [mef/iy/.'HJAZT (11 Ci/ 
j£w I lme%/.3H]dThd (65 Ci/mmol) were purchased from Mo- 
^chemicals (Brea, CA). The purity of all radiolabeled com- 
g&pd was >99%, as ascertained by HPLC techniques described 
labeled standard AZT was a generous gift of Dr. Raymond 
^ (Veterans Administration Medical Center and Emory Uni- 
wff&P^ GA). D4T and its nucleotides were chemically synthe- 
^ Previously described (12). Nucleosides, RNase A and T„ 
1 K, alkaline phosphatase, and snake venom and spleen 
^terase were obtained from Sigma Chemical Co. (St. Louis, 
^^occal nuclease was purchased from Worthington Biochem- 
tfl« i ^ NJ *' AI1 other chemicals and reagents were of the 



Cells and extraction of intracellular nucleotides. Human 1 
were obtained by procedures described in detail by us previously 
Cell viability, as determined by trypan blue dye exclusion, was 95 
greater during experiments. Cells (2 x 10 6 cells/ml) were suspend 
McCoy's 5A nutrient medium supplemented with 15% dialyzed 1 
inactivated fetal bovine serum. After addition of various concentrat 
of D4T, cells were maintained at 37* under an atmosphere of b% ( 
for specified time periods. Cells were then pelleted at 1200 rpm fo 
mm, m a Beckman GPR centrifuge, and were washed three times * 
5 ml of cold phosphate-buffered saline. Nucleotides present in the 
pellet were extracted by incubation overnight at -20° with 1 ml of ( 
methanol and were then extracted with 200 M l of 60% methanol fo 
min in an ice bath. Combined extracts were dried under a ge 
nitrogen stream, at room temperature, and the samples were store- 
-20° until analysis. 

HPLC methods. Separation of nucleotides was performed o 
E^tt : Pad £ a^ automatic iniec 

filter spectrophotometric detector, and chromatographic termi 
(Hewlett Packard 3393A). Analysis of D4T and its 5'-phosphoryla 
derivatives, and cell extracts containing them, was performed usin 
Partisil 10 SAX column (Whatman, Inc., Clifton, NJ) as station, 
phase. Elution was carried out at 1 ml/min with 15 mM KH 2 P0 4 (j 
3.5) and a 45-min linear gradient of 1 M KH 2 P0 4 (pH 3.5) from 0 
100%, starting 10 min after the time of injection. Under the conditic 
defined above, the retention times of the unlabeled markers D4T D4 
MP, and D4T-TP were 7, 14, and 54 min, respectively. The assignmt 
of D4T-DP at 33 min was assumed from its position between the mor 
and triphosphate derivatives and its dephosphorylation to D4T 
enzymatic hydrolysis with alkaline phosphatase, as previously c 
scribed (22). For sample analysis, dried residues were dissolved in 2 
Ml of distilled water, and an aliquot (180 pi) was injected. After fra 
tzonation (1 ml) of the eluate and addition of scintillation fluor (5 m 
radioactivity was measured by using a Beckman LS 5000TA scintill 
tion counter equipped with an automatic quench correction prograi 
Reverse phase chromatography was used to separate D4T or AZT fro 
thymine and dThd. Extracts were examined using a Hypersil 5-^ 
column (Jones Chromatography, Littleton, CO) as stationary phas 
Elution was carried out at 1 ml/min with 25 mM ammonium phosphat 
(pH 7.2) and a 35-min linear gradient of 60% methanol from 0 to 309. 
starting at the time of injection. The retention times of authenti 
standards of thymine, dThd, D4T, and AZT were 11, 21, 27, and 3. 
min, respectively. 

Incorporation of D4T into nucleic acids of human BMC. T 
examine D4T incorporation into DNA, cells (2 X 10 s cells/ml) wer. 
incubated at 37° for 24 hr after addition of various concentrations o 
[ H]D4T, from 1 to 25 /iM, with a final specific activity of approximate!* 
800 mCi/mmol. DNA was extracted by phenol/chloroform and protein- 
ase K and RNase A and T, digestion procedures, as previously describee 
(4). The amount of DNA in each sample was determined by a fluorom- 
etry technique that includes binding of bisbenzimidazole to DNA (31) 
Samples (100 *!) were then spotted on Whatman 3MM filter paper! 
and filters were washed twice with ice-cold 5% TCA, followed by 100% 
methanol. Filters were dried at room temperature, and radioactivity 
was determined in a Beckman LS 5000 TA scintillation counter. 

Cesium sulfate density gradient centrifugation. Cellular nu- 
cleic acids were extracted and analyzed by cesium sulfate gradient 
centrifugation, as described previously (4). 

Enzymatic digestion of 3 H-labeled DNA. After cesium sulfate 
density gradient centrifugation, fractions with a density of 1.41-1.43 
g/ml were pooled and dialyzed overnight against 10 mM Tris-HCl (pH 
7.4), 1 mM EDTA, after which DNA was precipitated in 0.3 M sodium 
acetate and ice-cold absolute ethanol. DNA was then dissolved in 20 ?\ 
of Tris-HCl (pH 7.4), 1 mM EDTA, and heat denatured by boiling at 
100° for 5 min. The DNA was hydrolyzed at 37' for 30 min with 50 M l 
of micrococcal nuclease (12 units/ml), in 10 mM Tris-HCl (pH 8.8), 2 
mM CaCl-.. After aHHitinn nf o — _« » 



de-radation 'to nucleosides was carried out at 37' for 24 hr. with snake 
venom ^-phosphodiesterase (2 units), spleen 3' -phosphodiesterase (2 
units), and alkaline phosphatase (0.3 units). The digested material was 
then analyzed by the reverse phase HPLC method described above. 

Hydrolysis of DNA to nucleoside monophosphates was earned out 
at 37' by sequential action of micrococci nuclease (12 units/ml) and 
spleen 3' -phosphodiesterase (2 units). The fraction containing the 
radioactive nucleoside monophosphates was analyzed by anion ex- 
change HPLC technique, except that a different elution mod* .wasused. 
Elution was performed isocratically at 0.5 ml/min with 15 mM K s HPO, 
(pH 3.5) for 20 min, followed by a 45-min linear gradient of 1 M 
if „po f„H 3 5) from 0 to 100%. The retention times for dThd 5 - 
StsS* dThd ^-monophosphate, and D4T-MP were 15, 18, 

and 21 min, respectively. # 

Pulse-chase labeling of DNA with 'H-nacleosides Human 
BMC were exposed to either 10 „M [ 3 H]D4T (360 mCi/mmol). 10 mM 
PH1AZT (360 mCi/mmol), or 10 „M [ 3 H]dThd (360 mC/mmol), for 
24 hr at 37\ After the 24-hr pulse, the radioactive medium was removed 
and the cells were washed with a fresh phosphate-buffered saline 
solution at 0\ The cells were then chased for 0, 6, 24, and 48 hr at 37 , 
in McCoy's 5A nutrient medium containing 10 iM (nonlabeled) leyeU 
of the corresponding nucleoside or nucleoside analog being investigated. 
The chase was terminated by pelleting of cells and placement m an 
ice-cold water bath. Radioactivity was then analyzed in total DNA, 
following procedures described above. _ 

^DeCTidatioa of B4T by coll extracts. C.atabohc converaion of 
D4T to thymine was investigated in human BMC using a modified 
radioisotopic assay (32). Human BMC (80 X 10" cells/ml) were lysed 
by two cycles of 30-sec sonic oscillation at 0 . in 0.5 ml of 2 mM 
potassium phosphate (pH 7.4). The reaction consisted of either 2 M M 
PH1D4T (450 mCi/mmol), 2 „M [ 3 H]AZT (450 mCi/mmol), or 2 M M 
PH dThd (450 mCi/mmol), in 100 mM Tris HCl (pH 6.0), 12.5 mil 
potassium phosphate (pH 6.0), with cell extract (60 mD, m a final 
volume of 150 «d. Boiled cell extracts were used as negative control. 
The reaction was performed at 37" for specified time periods. Ahquote 
(25 were extracted overnight at -20* with cold 60' methanol 
Samples were dried and injected into HPLC using the reverse i phase 
method described above, which resolves thymine, dThd, D4T, and 

^Stability of labeled D4T in cellular DNA. Cells (2 X 10 s cells/ 
ml) were incubated for 24 hr with 10 „M [ 3 H]D4T, at a final specific 
activity of 450 mCi/mmol. and DNA was purified as described above. 
The DNA extracted from 20 X 10" cells was dissolved in 0.5 ml of a 
buffer containing Tris-HCl ( P H 7.4) and 1 mM EDTA. to which was 
added 1.5 ml of McCoy's 5A nutrient medium. Mixtures were incubated 
at 37* for times between 0 and 48 hr. Aliquots (0.5 ml) were spotted on 
Whatman 3MM discs, and radioactivity was determined alter treat- 
ment with TCA and methanol as described above. Stability of D4T- 
TP was also investigated in McCoy's 5A nutrient medium, at similar 
time intervals between 0 and 48 hr. D4T-TP concentrations were 
determined using the anion exchange HPLC technique desenbed above. 

Results 

Metabolism of D4T in human BMC. After exposure of 
human BMC to 10 >M [• 1 H]D4T, D4T was rapidly phosphory- 
lated within cells to its S'-mono-, 5'-di-, and 5' -triphosphate 
derivatives, as revealed by anion exchange chromatography 
(Fig 1A). The intracellular concentrations of D4T and its 5 - 
phosphate metabolites after 2-, 6-, 24-, and 48-hr incubation 
periods are illustrated in Table 1. A continuous increase in 
D4T-MP, D4T-DP, and D4T-TP levels was observed between 
2 and 24 hr, and an equilibrium was maintained for the re- 
maining 24 hr of the experiment. We previously demonstrated 
that the percentage of BMC in S phase did not change over the 
first 24 hr (4), thus demonstrating that the increase in D41 
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Fig. 1 Radiochromatogram of intracellular 3 H ^er exposure of hunw|| 
BMC for 24 hr to 10 m m ?H]0*T and analysis by anion ex^angeHrt^| 
[A) or^isis by reverse phase HPLC (B). Elution positions of auMfetfifl 
standards were monitored at 254 nm. 

TABLE 1 

Metabolism of 10 tiWi V^V>4T in human BMC 

Values are mean ± standard deviation of at least three experiments. wn 
from different donors. 



Time of 
exposure 



Metabolite 



D4T-MP 



D4T-0P 



D4T-TP 



ftr 
2 
6 
24 
48 



0.129 ±0.092 
0.128 ±0.047 
0.267 ± 0.055 
0.189 ±0.087 



pmoZ/10 8 cefls 
0.011 ±0.007 
0.019 ±0.011 
0.049 ± 0.042 
0.052 ± 0.035 



0.043 ± 0.033, 
0.084 ±0.062;- 
0.300 ± 0.163 
0.260 ± 0.09% 



phosphorylated metabolites is not the result of an mc 
activity of dThd kinase, the enzyme proposed to be tesp^ 
in D4T activation (22, 24). By 24 hr, D4T-TP was the p* 
inant intracellular metabolite and reached a mean cow 
tion of 0.3 pmol/10 6 cells. The earlier eluting fraction 
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iluted with an authentic D4T standard and represented an 
fayerage of 80-85% of the total intracellular radioactivity at 
*j$ery time point of sampling. Further analysis by reverse phase 
jgromatography revealed that approximately 14% of that frac- 
tion actually represented thymine and dThd and only 80% was 
|tt (Fig. IB). Because D4T used in these experiments was 
£8% pure, these data suggest that D4T may be cleaved within 
Cecils to release labeled thymine, with subsequent conversion to 
^j&eleddThd. 

If^The extent of degradation of D4T was assessed by incubating 
f ||VM [ 3 H]D4T with human BMC extracts, as described in 
^Materials and Methods. Parallel studies were performed with 
Igxnilar concentrations of [*H]AZT and fHJdThd. After 48 hr 
incubation and analysis by reverse phase HPLC, D4T rep- 
pesented only 69% of the total radioactivity, whereas thymine 
find dThd accounted for 25.5 and 3.5%, respectively. No sub- 
pUntial degradation of D4T was detected in control boiled cell 
f||tracts7Urrdef similar^Wmtibn^s7dThd was completely con- 
^rted to thymine, whereas A2T was very stable, with >95% of 
( ^dioactivity being still associated with the parent drug. These 
'||lata confirm that dThd phosphorylase activity is present in 
^Klman BMC (33 t 34) and indicate that D4T is probably a 
gpbstrate for that enzyme. When purified dThd phosphorylase 
Ipnved from Escherichia coli was used, D4T was also found to 
^a substrate for that enzyme. 1 In contrast, AZT was not 
!|praded by bacterial dThd phosphorylase, 5 as suggested by 
^i^Uular studies described above. 

^Analysis of [ 3 H]D4T incorporation into nucleic acids. 
|||p>rder to evaluate the interaction of D4T with host cell 
Ip^eic acids, human BMC were exposed for 24 hr to various 
Ipncentrations of [ :t H]D4T, from 1 to 25 M M f and extracted 
r^Aicleic acids were partitioned by cesium sulfate density gra- 
it centrifugation, as described in Materials and Methods. 
^^ adioactivity was ducted in the RNA region, whereas a 
^^^tantial amount of tritium label was associated with the 
M 1 region density, 1.42 g/ml) (Fig. 2). To determine quan- 
;&^I|y e *y tne amount of ''H incorporated into DNA, as a func- 



^^^f extracellular D4T concentration and time of exposure 
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Fraction Number 

sulfate density gradient centrifugation of [ 3 H]D4T-radio- 
•»c acids. After centrifugation of purified nucleic acids, frac- 
mi were collected from top to bottom and 100- M | samples 
^ on Whatman 3-mm filter paper. Filters were washed and 
^poactivity was determined. 

and J. P. Sommadossi, unpublished data. 
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radioactivity was measured in purified DNA using a 'disk filter' 
assay, as previously described (4). As illustrated in Fig. 3, the 
amount of tritium incorporated into DNA correlated with the 
extracellular concentrations of [ 3 H]D4T used in the experiment 
(from 1 to 25 >iM), and the amount of tritium associated with 
cellular DNA also increased from 0 to 24 hr, when a concentra- 
tion of 10 fiM [ 3 H]D4T was used 

Identification of 3 H detected in cellular DNA. Identifi- 
cation of the radioactivity detected in DNA was performed by 
enzymatically hydrolyzing the DNA to nucleosides or nucleo- 
side monophosphates, with subsequent HPLC analysis. When 
the DNA was digested with micrococcal nuclease, snake venom 
and spleen phosphodiesterase, and alkaline phosphatase, two 
radioactive peaks, which coeluted with dThd and D4T stand- 
ards, were detected by reverse phase HPLC analysis (Fig. 4). 
The ratio of D4T to dThd was approximately 1 to 3. To confirm 
the identification of D4T and dThd as the sole radioactive 
entities detected in BNA, another digestion-strategy was used. 

0.08- 



< 
z 

Q 

O) 

a. 

X 

CO 



o 
E 




exposure, 




J 1 * 8 




•1.6 






< 


■1.4 


z 




Q 




O 


•1.2 I 




CD 


X 




£1 


■1.0 






o 




E 




a 


0.6 





0 10 20 

[3HJD4T Concentration (\ifA) 



30 



0.024 




0.000 



Time (hr) 

Fig. 3. Incorporation of radioactivity into DNA after incubation of cells for 
24 hr with increasing concentrations of PH1D4T (A) and after incubation 
of cells with 10 jim [ a H]D4T for varying time periods (6) Values are the 
mean ± standard error of three experiments, with cells from different 
donors. 
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Fia 4 Reverse phase HPLC analysis of 3 H-labeled digested DNA isolated 
*3rSwea-16 10 mm f HJD4T for -24-hr. DNA dJgestoonj^ 
performed by the sequential addition of micrococcal nuclease, snake 
venom and spleen phosphodiesterase, and alkaline phosphatase. 

Briefly after micrococcal nuclease digestion, only spleen 3'- 
phosphodiesterase was added to the reaction solution. This 
enzyme cleaves 5'-ester bonds and leaves the 3'-nucleoside 
monophosphates intact. Thus, under these conditions, nucleo- 
tides that are incorporated at the terminus of the DNA chain 
and have no 3'-hydroxyl group will be converted to their 
corresponding nucleosides rather than their 3'-monophos- 
phates. Fig. 5 shows the radiochromatogram of the DNA digest 
after exposure of cells, for 24 hr, to either 10 nU pHldThd or 
10 mm [ 3 H]D4T. The dThd 3 '-monophosphate represented the 
major radioactive component of the newly synthesized DNA 
after exposure to [ 3 H]dThd, consistent with the natural pyrim- 
idine being localized in the intranucleotide linkage. In contrast, 
digestion of DNA isolated from cells treated with [• H]D4T led 
to the detection of a portion of radioactivity eluting as a 
deoxyribonucleoside derivative and a major fraction corre- 
sponding to the dThd 3' -monophosphate region. These data 
confirm that labeled D4T and dThd are both present in newly 
synthesized DNA after exposure of cells to [ 3 H]D4T and dem- 
onstrate, as expected, that D4T accumulates at the chain 
termini of host cell DNA. Of note, the ratio of D4T to dThd 
was similar to that described above when different DNA hy- 
drolysis and HPLC analysis were performed. 

Removal of D4T from newly synthesized DNA in hu- 
man BMC. In order to gain insight into potential mechanisms 
responsible for the rather small amount of D4T detected m 
cellular DNA of human BMC, compared with AZT (4), we 
investigated whether D4T could be removed from DNA of 
human BMC. Cells were incubated for 24 hr with either 10 nM 
PH]D4T or [ 3 H]AZT, and the label was then chased as de- 
scribed in Materials and Methods. Control experiments were 
also performed by incubating cells with [ 3 H]dThd. Fig. 6 illus- 
trates the tritium remaining in DNA over the 48-hr chase in 
the presence of the corresponding nonlabeled compound. In 
control as well as in AZT experiments, no decrease of radioac- 
tivity in DNA was observed over the 48-hr chase period. In 
contrast, over this same interval, approximately 30-40% of the 
tritium in total DNA from D4T-treated cells was removed. 
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Fig. 5. Anion-exchange HPLC analysis of 'H^ed digested 
isolated from cells exposed to either 10 m m pHJdThd (A) or 10 1 £*J 
D4T (B) for 24 hr. Purified DNA was digested by micrococcal P'"* 
and spleen 3' -phosphodiesterase. 

Chemical stability of D4T-TP and 3 H-labeled D4Tj| 
cellular DNA. When D4T-TP, at a final concentration pfjm* 
M M, was incubated at 37" and neutral pH in either McCoy-" 
nutrient medium or phosphate-buffered saline solution, a U« 
dependent degradation was observed, with approximately || s 
of the initial concentration remaining after 48 hr of ™£™!|g 
(Fig 7). Because this chemical degradation of D4T-TP w*| 
a similar range, compared with the extent of D4T removal M 
DNA, as described above, it was important to d^nwn|y 
stability of D4T in newly synthesized DNA. After ^JST 
of cells with 10 jiM [ 3 H]D4T for 24 hr, DNA was purified 
incubated at 37% in McCoy's 5A nutrient medium, m 
periods between 6 and 48 hr. At the specified times, am 
were removed and spotted on disk filters, and radioactivity 
determined after treatment with TCA and methanol.^.* 
portance, the amount of radioactivity in DNA was not sur 
tially altered over the 48-hr time of incubation, demonst 
that, once incorporated into cellular DNA, D4T as tug 
MP form is chemically stable. Therefore, enzymabc x era 
rather than chemical instability, of D4T from DNA oH 
BMC is a more likely mechanism for the observed rem^ 
D4T from newly synthesized DNA. 
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6. 3 H removal from DNA over a 48-hr chase after a 24-hr exposure 
jfjbefls to either 10 m m [ 3 H]D4T (O), 10 tiM [ 3 H]oThd {□). or 10 hm M 
gjSjjj (t). DNA was purified as described in Materials and Methods. 
fVafues are the mean ± standard error of three experiments, with cells 
$Sn different donors. 
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^Chemical stability in McCoy's 5A nutrient medium or PBS, at 37° 
Hl.4, of D4T-TP and [ 3 H]D4T in newly synthesized DNA isolated 
Ban BMC exposed to 1 0 mm [ 3 H]D4T for 24 hr. D4T-TP concen- 
ts determined by anion exchange HPLC, whereas the tritium 
l£ In DNA was determined with a filter disk assay. Values are the 
jUtandard error of three experiments. 

Discussion 

' a potent inhibitor of HIV replication, with activity 
pple to that of AZT in a large variety of cell lines (11), 



and yet is 20-100-fold less toxic than AZT in a human CFU- 
GM cionogenic assay (13, 20). This limited in vitro cytotoxicity 
against human BMC is consistent with the absence of major 
hematological toxicity in phase I clinical trials (15-17). In an 
attempt to elucidate the mechanism(s) of toxicity of 2',3'- 
dideoxynucleosides for human BMC, it was of particular inter- 
est to study the cellular mechanism(s) that may be responsible 
for the decreased sensitivity of these human host cells to D4T, 
Previous studies have demonstrated that D4T has a different 
pattern of phosphorylation, compared with AZT, with dThd 
kinase being the rate-limiting step (8, 22, 24). In contrast, AZT- 
MP being poorly converted to the diphosphate is the rate- 
limiting step in AZT metabolism (23). Perturbation of intra- 
cellular deoxyribonucleoside 5 '-triphosphate pools by AZT, 
through inhibition of thymidylate kinase by AZT-MP, had been 
suggested in early studies (8, 23), wherea s D4T has bee n shown 
to~exHibxt TUttle ^ffecTonthe metabolism of exogenous labeled 
dThd and other nucleosides (8, 22, 24). Although this difference 
may have played a role in the decreased host toxicity of D4T, 
compared with AZT, more recent studies, including those from 
our group using human BMC, have ruled out depletion of dTTP 
by AZT as one mechanism responsible for AZT-induced bone 
marrow toxicity (4, 5, 7, 10, 25). Although the mechanism of 
anti-HTV activity of 2',3'-dideoxynucleosides can be explained 
by their intracellular sequential phosphorylation by cellular 
kinases to their active 5' -triphosphate derivative (5), incon- 
sistent data have been reported on the relationship between 
intracellular concentration of 5 '-triphosphate metabolites of 
2 / l 3'-dideoxynucleosides in host cells and their cellular toxicity 
(13, 35, 36), Table 1 demonstrates that D4T is also phosphor - 
ylated to its 5'-mono- f 5'-di-, and 5 '-triphosphates, with a 
pattern similar to that reported in other cells (8, 22, 29, 30); of 
interest, intracellular D4T-TP values were about 2-3-fold 
higher, compared with AZT-TP levels, after incubation with 
similar extracellular concentrations of the parent drug (4). 
These data would, thus, further suggest that cellular toxicity 
cannot be correlated with the relative intracellular triphosphate 
levels. We, and others, have suggested that incorporation of 
AZT into nuclear DNA of host cells may be an important 
toxicity target (4, 25, 28), with DNA polymerase 0 being pos- 
sibly responsible for that incorporation (26). In contrast, DNA 
polymerase a is probably not able to incorporate AZT-TP into 
elongating nuclear DNA, and the potential involvement of 
DNA polymerase 6 is still debatable (25-27). In the present 
study, using cesium sulfate gradient centrifugation, D4T was 
detected in DNA of human BMC. But, of note, steady state 
levels of D4T incorporated into DNA were at least 10-50-fold 
lower than values measured after exposure of cells to AZT, 
under similar conditions. These data are, thus, consistent with 
the hypothesis that the extent of incorporation of 2',3'-dideox- 
ynucleosides into nuclear DNA correlates with bone marrow 
toxicity (4). 

Because D4T-TP and AZT-TP do not exhibit major differ- 
ences in affinity for human nuclear DNA polymerases (11), 
other mechanisms accounting for the substantial difference in 
incorporation into nuclear DNA between the two drugs were 
explored. Further analysis of radiolabeled DNA extracted from 
cells exposed to ( 3 H]D4T revealed that approximately 70% of 
the radioactivity was associated with dThd (Fig. 4). Formation 
of dThd was demonstrated to result from intracellular conver- 
sion of D4T to dThd, possiblv hv AT\*a ~u — v • 
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quently, dTTP metabolicaUy formed from D4T via dThd is 
rapidly utilized for DNA synthesis, competing with D4T-TP 
for its incorporation into DNA. Consistent with these data, 
Huang et al (37) recently reported, by using in vitro polymeri- 
zation assays, that high molecular weight DNA was still syn- 
thesized by DNA polymerase a and e in the presence of D4T- 
TP and dTTP at a ratio as high as 30 to 1. Although D4T is 
probably converted to dThd through dThd phosphorylase, it is 
important to note that dThd phosphorylase activity is minimal 
in highly purified human lymphocytes (38) and even absent or 
undetectable in human T lymphocytes (39), a cell population 
that is a major target for HIV in vivo (40). 

Consequently, the toxicity and probably the anti-HIV activ- 
ity of D4T are dependent on cellular dThd phosphorylase levels, 
and modulation of D4T degradation by that cellular enzyme 
may contribute to the observed increased selectivity, compared 
withAZT. 

Recent studies by Cheng and co-workers (25) have identified 
an exonucleolytic enzyme in human K-562 erythroleukemia 
cells that is suggested not to be associated with DNA polym- 
erase activity and can remove 3'-terminal AZT prjdideoxycy- 
tidine residues from DNA. In our study, no excision of AZT 
from DNA was detected, whereas label from D4T was substan- 
tially removed (Fig. 6). Although the D4T-TP was chemically 
unstable (Fig. 7), D4T, as the polynucleotide monophosphate 
form, was protected against chemical hydrolytic degradation 
after its incorporation into DNA (Fig. 7). This observation has 
been reported with other nucleosides (41) and suggests that an 
enzymatic repair mechanism is responsible for D4T excision 
from DNA. The lack of AZT excision from DNA in our study 
is inconsistent with the recently published data (25). However, 
a difference in our study is that nonradiolabeled compounds 
were added in the chase portion of the experiment. The ration- 
ale was to dilute the 3 H-labeled triphosphate pool (which de- 
clines slowly during that phase), thereby preventing further 
incorporation into DNA. A possible explanation for the absence 
of excision of AZT from DNA during the chase is that the 
exonuclease activity may be inhibited by AZT nucleotides. The 
inhibitory effects of high concentrations of nucleoside 5'-mon- 
ophosphates on the 3' to 5' exonuclease activity are well 
recognized (42) and have been suggested to play a role in the 
mutagenic effects of 6-mercaptopurine, which, similar to AZT, 
mostly accumulates within ceils as its 5 '-monophosphate deriv- 
ative. Preliminary studies 2 from our group have demonstrated 
the ability of AZT-MP, at concentrations of >100 pM, to inhibit 
the proofreading exonuclease activity associated with mam- 
malian DNA polymerase 6, which may also provide a molecular 
mechanism for the carcinogenic effects observed with AZT. 
Although the effect of D4T-MP on 3' to 5' exonuclease activity 
has not yet been evaluated, cellular concentrations of D4T-MP 
are never high and are thus unlikely to have an influence on 
the excision process. Another, more speculative, possibility that 
could account for the different data between our study and that 
of Cheng's group (25) and the observed different patterns of 
excision from DNA of human BMC between D4T and AZT 
might be the presence of a specific repair enzyme. Differential 
expression in human BMC, compared with K-562 cells, and 
differential recognition of 2\3'-dideoxynucleosides would also 
explain the observations. 



In summary, decreased D4T incorporation into DNA 
human BMC is probably a major mechanism for its low* 
matological toxicity, compared with AZT. The role of de 
dative host enzymes, including dThd phosphorylase, and ri 
enzymes in the minimal steady state incorporation of D4T 
DNA further emphasizes the importance of cellular 




* E. G. Bridges and J. P. Sommadosai, unpublished data. 



in addition to kinases, in modulating the anti-HIV activity 
2\3'-dideoxynucleosides. " 
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